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INTRODUCTION 


The work of Haberlandt (1902), Kotte (1922), Robbins 
(1922), White (1932/4) and Gautheret (1934) gave impetus to 
the study of problems of growth, using culture techniques under 
controlled conditions. The culture of excised plant embryos, al- 
though started by Hannig as early as 1904, did not become a sig- 
nificant branch of botany until about 20 years ago. Like many 
other branches in the field, it originated as a tool to elucidate other 
objectives; however, it has grown to a point where it stands as 
one of the significant procedures of plant science. 

Through its application many processes in the course of germi- 
nation have been partially clarified. The nature of the plant em- 

1 Contribution from The Blandy Experimental Farm and The Samuel 
Miller Biological Laboratories. 
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bryo and its nutrition have been demonstrated. Previously impos- 
sible combinations of genetic characters have been made available 
by embryo culture; in many cases, the dormancy in certain seeds 
has been overcome, and lately some phases in the early differentia- 
tion of the plant embryo have been elucidated. 


BRIEF SURVEY OF THE LITERATURE * 


The term “ embryo culture ” has been used in the literature in a 
rather vague sense. It is commonly employed to describe the 
growth processes of embryos in various culture media regardless 
of age, size and the developmental stage in which the embryos were 
removed from their natural environment. As Rijven (1952) 
pointed out, however, one should distinguish between pregerminal 
and postgerminal cultures. Germination, according to Rijven, be- 
gins “at the moment that the embryonic tissues—in state of cell 
division and plasmotic growth—become separated by an inter- 
calated section of incipient cell elongation. The appearance of cell 
elongation marks off a new phase of life-cycle, as it affects the 
nature of growth and structure eventually”. Thus, pregerminal 
embryo culture should deal with embryos excised from the ovule 
during their embryogenesis and with the attempt to prolong the 
embryonic growth until a mature embryo results; whereas, post- 
germinal cultures should include embryos excised at similar or 
later stages and deal with processes involved in the embryo’s “ ger- 
mination ”, its development into a normal seedling, and later into a 
viable plant. In discussing the individual components of the em- 
bryo culture media it will sometimes be necessary to describe sepa- 
rately the necessary requirements for each of these two stages. 

The first to conceive the idea and to grow successfully plant em- 
bryos was Hannig (1904) with Raphanus and Cochlearia. Some 
years later Dieterich (1920) found, mainly in crucifers and grasses, 
that young immature excised embryos (about % mature size), 
when grown on an agar medium containing a Knop solution and 
sucrose, could follow two different patterns of development. 
When these embryos were grown under the agar surface the em- 
bryonic growth continued until the embryos reached maturity ; on 
the other hand, when such immature embryos were grown on the 


2 The survey of the literature pertaining to this review was concluded in 
February, 1953. 
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surface of the agar medium, instead of continuing their embryonic 
development, a premature germination was observed. Dieterich 
termed this precocious germination “ kiinstliche Fruhgeburt ”. 
This observation was later confirmed by several other investi- 
gators. 

Laibach (1925, 1929) used the technique of embryo culture as a 
means to grow embryos of Linum hybrids which usually abort 
when left in situ. By excising these hybrid embryos at an early 
stage he succeeded in obtaining viable hybrid plants. His method 
was later used with many improvements and with more appro- 
priate media by many investigators to obtain various hybrids 
otherwise difficult or impossible to obtain. In this brief survey it 
is impossible to enumerate all the workers in this field. Mention 
may be made of Jorgensen (1928) who obtained heteroploid 
plants in Solanum, and of Tukey (1933, 1934) who was able to 
produce many early ripening species and varieties of stone fruits. 
Werckmeister (1934) successfully grew J/ris hybrids. Brink, 
Cooper and Ausherman (1944) crossed Hordeum with Secale and 
obtained interspecific hybrids through embryo culture. Blakeslee 
and Satina (1944) and McLean (1946), using similar methods, 
reported new Datura hybrids from previously considered incom- 
patible crosses. Similarly sugar pine hybrids have been grown to 
maturity by Stone and Duffield (1950). 

Randolph (1945) succeeded in bypassing the usually required 
rest period of two years in /ris seed. By growing the embryos in 
vitro he was able to shorten the life cycle of this plant. Lam- 
merts (1942) increased germination in various hybrid seeds by 
this technique. Gregory and Purvis (1938) used the embryo cul- 
ture technique in their investigations on vernalization. 

For a synoptical review of the literature regarding embryo cul- 
ture the reader is referred to Solomon (1949). 


NUTRIENT MEDIA 
Laibach (1925), in his work with Linum hybrids, cultured the 
embryos on cotton wool in a 15 per cent glucose solution. This 
method has been abandoned in recent years, and more complex and 
complete media have been employed in recent investigations. 
These media are either liquid or partly solidified with agar (0.7- 
1.5 per cent), depending upon the individual requirements of the 
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embryos to be grown. Usually ordinary distilled water is used, 
but some investigators prefer pyrex redistilled water in their 
media. 

Such media usually contain: mineral salts, a carbohydrate, some- 
times an organic nitrogen source, vitamins, hormones, and “ em- 
bryo factors ”. 


INORGANIC SUBSTANCES 


Mineral Salts. In Hannig’s (1904) first embryo cultures, Tol- 
len’s nutrient medium was used. This medium was soon replaced 
by Knop’s solution, and in recent years the latter was replaced by 
more elaborate ones which take into consideration the latest find- 
ings on the nutritional requirements of embryos, e.g., trace ele- 
ments and chelating agents. 

The mineral composition of the most commonly used media for 
growing excised plant embryos (both pre- and postgerminal) is 
summarized in Table I. Some investigators modified slightly the 


TABLE I 
MineraL CoMPONENTS oF NutriENT MepiaA ror Prant Emaryo CuLtures 
(mg./liter) 








Toker Randolph Olsen (1950) 
, andCox modified by (1943) ( * 
(1943)  Rijven (1952) unpubl.) 


White Rappaport 





680 65 65 65 


135 85 
236.8 
2 


10 
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composition of their media to suit their individual needs. The 
various iron salts used in these media have a tendency to precipi- 
tate in prolonged cultures and thereby to render the medium iron 
deficient. Furthermore, according to Street, McGonagle and Mc- 
Gregor (1952), this precipitation may also act as a “ stalling fac- 
tor” and cause a drift in the medium’s pH towards alkalinity. 
Rappaport (unpublished), during the last three years, has replaced 
the relatively unstable iron sulphate in Randolph and Cox’s culture 
medium by a more stable iron complex such as iron citrate. By 
the use of such a chelating agent he was able to maintain his em- 
bryos in culture over a much longer period without having to re- 
new too frequently either his media or his stock solutions. 

Trace Elements. Very little is known of the role of micro ele- 
ments in the nutrition of plant embryos in culture media. A few 
investigations have been carried out on the role played by certain 
trace elements in plant tissue cultures. These tend to demonstrate 
that, for example, excised tomato roots require iron, copper and 
molybdenum, and probably zinc, manganese, boron and. iodine 
(White, 1951). Nobécourt (1938) and Gautheret (1939) in- 
troduced into their culture media a complex of accessory salts sug- 
gested by Berthelot (1934), e.g., beryllium, titanium, cobalt, nickel 
and boron. The necessity for these particular elements in plant 
tissue cultures seems to lack experimental basis. Rappaport (un- 
published) added Berthelot’s complete solution to his culture 
media and was unable to detect any influence of their presence on 
the growth of young Datura embryos. 

In this connection it may be to the point to mention observations 
published by Boll and Street (1950). Growing tomato roots in 
White’s medium and using specially purified chemicals, these au- 
thors found that additions of copper (0.01 ppm.) and molybdenum 
(0.0001 ppm.) were necessary for successful growth, whereas, in 
ordinary analytical grade salts these elements seem to be generally 
present as impurities. 

The micro-element requirements of embryo culture media have 
not yet been studied thoroughly, and it is possible that failures to 
grow very young stages of some embryos successfully could be at 
least partly ascribed to the lack of some group of trace elements 
in the medium. 
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ORGANIC SUBSTANCES 


Carbohydrates. One of the roles of carbohydrates in a culture 
medium is to supply the source of energy for maintenance of the 
various living processes in the heterotroph embryo. Simultane- 
ously the carbohydrates act also as osmotic agents. 

Earlier investigations on the growth of excised organs in syn- 
thetic media assumed that monosaccharides, especially glucose, 
would be a suitable source of carbon (Kotte, 1922; Robbins, 
1922). Tukey (1933) grew his peach embryos in a meduim con- 
taining 0.5-2 per cent dextrose. White (1934, 1940), Thielman 
(1938), La Rue (1936) and others showed that in the culture of 
plant tissue fragments and embryos, sucrose proved to be a more 
satisfactory energy source. Van Overbeek, Siu and Haagen-Smit 
(1944) found that in the culture of “ heart shaped”? Datura em- 
bryos sucrose is a better energy source than dextrose. Doerping- 
haus (1948) cultured “ heart shaped ” embryos of ten Datura spe- 
cies in media containing sucrose, dextrose, fructose, mannose and 
glycerol. He reports that sucrose proved to be the “ superior ”’ 
carbon source for all tested species. For the other tested sugars a 
“ preference ” was found depending on the species. Thus, embryos 
of three Datura species of the stramonium type grew well on four 
per cent fructose, whereas D. meteloides grew well on all tested 
sugars except on fructose, and D. discolor grew only on sucrose 
and dextrose. Rijven (1952) reports that eight per cent sucrose 
was the most suitable carbon source for embryos of Capsella bursa 
pastoris; a mixture of equal parts of isotonic solutions of fructose 
and dextrose did not yield better results. 

The greater physiological activity of sucrose as compared with 
several monosaccharides has not yet been fully explained. Smith 
(1942) and Hill and Patton (1947) report that reducing sugars 
undergo partial destruction upon autoclaving, a treatment to which 
most of the media for embryo culture are subjected. Rijven 
(1952), however, did not find any difference in the activity of 
autoclaved and unautoclaved mono- and disaccharides in his Cap- 
sella embryo cultures. Van Overbeek, Siu and Haagen-Smit 
(1944) base their explanation for the superiority of sucrose par- 
tially upon findings of Doudoroff et al. (1943) who found that 
dry preparations of Pseudomonas saccharophila will readily form 
glucose-1-phosphate with sucrose but not with glucose or fructose 
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or a mixture of both; thus, they reason that there should be in 
these substances a difference in availability to phosphorylation. 
An explanation along a similar line of thought is given by White 
(1951) who concludes that “ sucrose utilization probably involves 
an enzymatic phosphorylation at the surface of the absorbing cells 
so that the material actually absorbed is a freshly formed (nas- 
cent) hexose-phosphate which cannot be replaced by the hexose 
and phosphate in uncombined form nor by the addition of pre- 
formed hexose-phosphates to the medium ”’. 

In this connection mention should be made of studies on the 
interrelationship between sugars and respiration in excised plant 
tissues. Plantefol (1938) and Plantefol and Gautheret (1939) 
showed that carrot tissues can be adapted to the use of glycerol as 
a carbon source if they are previously grown in a mixture of dex- 
trose and glycerol. These tissues, however, when placed on a 
medium containing glycerol alone, and without previous adapta- 
tion to the mixture of dextrose and glycerol, will die. 

A few studies on the effect of sugar concentration on embryo 
growth in culture media have been published. It appears that the 
optimal sugar concentration in a given medium depends not only 
on the developmental stage at which the embryos are excised but 
also on the plant species. Tukey (1938) found that the sugar re- 
quirements of excised peach embryos varied with the time that 
elapsed between fertilization and their excision. Purvis (1944), in 
her studies on vernalization, reports that in excised and vernalized 
rye embryos, flowering is increased with rising sucrose concentra- 
tions and reaches a maximum at the two per cent level. Sanders 
(1950) found that growth in Datura stramonium embryos with 
four per cent sucrose was 42 times that obtained with 0.5 per cent, 
whereas over the same range, growth of comparable embryos of 
three other Datura species increased only 1.2 to 2.7 times. Thus, 
embryos of various plant species react in different ways to various 
sugars not only qualitatively but also quantitatively. 

In Datura it was noted (unpublished) that very young embryos, 
“heart”? and “ preheart””’ stages, grow best on media containing, 
besides certain “ embryo factors ”, up to eight per cent sucrose; the 
older the embryos are at the time of their excision, the lower the 
optimal sucrose concentration becomes until it reaches a level of 
about 0.5 per cent with “late torpedo” stages. 
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As already mentioned, the presence of sugars in the culture me- 
dium is necessary not only to provide a suitable carbon source but 
also to create a suitable osmotic pressure within the medium. 

Nitrogenous components. In the course of many investigations 
with plant tissue fragments, organs and embryos, it was shown that 
they can assimilate inorganic nitrogen. Nitrates have proved to be 
the most suitable nitrogen source, though in some cases ammonium 
salts have been found to be good nitrogen suppliers. Generally 
speaking, nitrogenous organic compounds have been assumed to be 
inadequate nitrogen sources or even sometimes toxic when used in 
synthetic culture media (Burgeff, 1936; Knudsen, 1932, etc.). 
Brown (1906), however, reported increase in dry weight of excised 
barley embryos grown in media containing asparagine, aspartic and 
glutamic acid. In orchid embryos it was shown by Spoer!l (1948) 
that, under certain conditions, arginine and aspartic acid were as 
effective as ammonium nitrate if used as substitutes for the latter ; 
however, when used in addition to ammonium nitrate, they did not 
show any stimulation of growth. The same author also reported 
that the effect of amino acids on the growth of orchid embryos de- 
pended on the concentration of the acids used, the light conditions 
prevailing during the experiment, and the age and species of the 
orchid embryos. In unripe orchid seeds only arginine supported 
good growth, whereas the other 18 tested amino acids inhibited 
growth; in mature seeds, however, aspartic acid proved to be a 
good nitrogen source, glutamine a neutral one, while the other 
tested amino acids appeared to inhibit growth. 

Ziebur, Brink, Graf and Stahman (1950) found that casein 
hydrolysate (an amino acid complex), when supplied to the me- 
dium in conjunction with phosphate ions and sodium chloride, had 
an inhibitory effect on the postgerminal growth of immature 
Hordeum embryos and a stimulating effect on the pregerminal 
development of these embryos; i.e., the excised immature embryos 
continued their embryonic development and did not “ germinate ”. 
Such effects cannot apparently be ascribed only to casein hydrol- 
ysate, since similar effects were obtained with water extracts of 
dates, bananas, wheat gluten hydrolysate, and especially with 
tomato juice (Kent and Brink, 1947). This inhibition of germina- 
tion is attributed by these authors to the high osmotic pressure 
created within the culture medium by the addition of these extracts 
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and especially by casein hydrolysate in conjunction with sodium 
chloride. The same authors also assume that the amino acids pres- 
ent in casein hydrolysate act not only as suppressors of premature 
germination of the immature barley embryo but also as nutrients 
for it and help increase the rate of its embryonic growth. 

Sanders and Burkholder (1948) tried to analyze the growth- 
promoting action of the amino acid complex present in casein 
hydrolysate; they used the postgerminal growth of young Datura 
embryos as a bioassay. They report that addition of casein hy- 
drolysate (100-800 ppm.) and equal parts of cysteine and tryp- 
tophane (6.67 mg. per 100 mg. casein hydrolysate) to the basal 
culture medium resulted in notable growth of the embryos. Simi- 
lar results were obtained by substituting for the casein hydrolysate 
in the medium a mixture of 20 amino acids approximating the 
composition of the caseine hydrolysate. Single amino acids or in- 
complete mixtures of amino acids did not promote embryonic 
growth at rates equal to those obtained by the complete mixture. 
This led the authors to suggest that the “ growth stimulus of the 
combination of twenty acids results from physiological interaction 
rather than from the summation of effects of individual acids ”. 

Results which seem to contradict this statement have been re- 
ported by Rijven (1952) in experiments with embryos of Capsella. 
In his cultures glutamine proved to surpass the complete mixture 
of amino acids. His results, however, cannot be compared directly 
with those of Sanders and Burkholder (1948), the latter having 
worked with Datura embryos, while Rijven used immature Cap- 
sella embryos; furthermore, the latter used glutamine while the 
former used glutamic acid. Rijven (1952) suggests that gluta- 
mine may occupy a key position in the nitrogen metabolism of 
Capsella embryos and quotes Street (1949) who mentions that in 
seedlings of crucifers glutamine is the prevailing amide. 

In this connection, another finding of Rijven (1952) should be 
mentioned. While protein synthesis, even in the youngest em- 
bryos, can proceed from glutamine as a nitrogen source, its homol- 
ogous compound, asparagine, seems to be of very limited benefit. 
He further reports that even the smallest embryos, when grown 
in a medium containing asparagine, showed considerable starch 
formation at a very early stage, whereas similar embryos grown in 
a glutamine containing medium scarcely showed any starch. 
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The problem of possible specific roles which certain compounds 
with a NH» group may play in the early life of young plant em- 
bryos is certainly not yet clear and requires further careful investi- 
gation. This is evident from the work by Steward and Thompson 
(1950) who, analyzing alcohol-soluble plant substances by paper- 
chromatograms, report 20 unidentified spots that were stained by 
ninhydrin. 

Other organic nitrogenous substances have been tested by some 
authors with no clear-cut results. Rijven (1952) could not detect 
any improvement in the pregerminal growth of Capse//a embryos 
when purine derivatives were added to his media. Rappaport, 
Satina and Blakeslee (1950) report that nucleic acids proved even 
inhibitory (both in vitro and in vivo) in postgerminal cultures of 
Datura embryos. Markedly unorganized tumoroid outgrowths in 
orchid embryos caused by addition of barbiturates to the culture 
medium was reported by Curtis (1947) and Curtis and Nichol 
(1948). 

Vitamins. During the development of the culture techniques for 
excised plant tissues it soon became apparent that small tissue 
ragments, if grown on a medium containing only mineral salts 
and a carbohydrate, generally show very limited growth. This 
“residual growth” probably occurs at the expense of an internal 
nutrition. Thus it became evident that some accessory substances 
and factors would have to be added to the medium in order to pro- 
mote the growth of such excised material. Kotte (1922) partially 
solved this problem by adding “ Liebig Fleisch Extract” to his 
medium. Robbins (1922) used peptone and autolyzed yeast as an 
addition to his medium. White (1932) succeeded in growing 
heart-shaped Portulaca embryos (0.2 mm.) on a medium contain- 
ing a mineral solution, two per cent sucrose, and yeast extract. 
Subsequent studies by White (1932, 1934), Fiedler (1936) and 
Gautheret (1939) showed that a pasteurized extract of brewer's 
yeast constitutes a more useful source of these required additional 
nutritive substances. Further attempts to identify the nature of 
these substances have so far not been successful. Many vitamins 
and related substances have been shown to promote growth and 
“‘ germination ’’ of some embryos, and it seems that different em- 
bryos require different supplemental substances. 

Kogl and Haagen-Smit (1936) considered thiamin and biotin 
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as essential growth factors, while ascorbic acid was deemed to be 
a non-essential substance, since it did not stimulate any growth in 
their experiments. On the other hand, Bonner and Bonner (1938) 
report that the latter substance promoted growth in excised pea 
embryos. Virtanen and Hausen (1950) give evidence which sug- 
gests that the role of this substance in the culture of pea and 
wheat embryos is that of a reducing agent of the nitrates present 
in the medium. Bonner (1938) found that nicotinic acid served 
as a growth factor in excised pea embryos. Pantothenic acid is 
also reported to favor embryonic growth (Bonner and Axtman, 
1937). 

Van Overbeek, Conklin and Blakeslee (1942) reported that 
young Datura embryos in “torpedo” stage failed to develop 


cotyledons when grown on a medium devoid of supplementary 
factors. Addition of an arbitrarily composed mixture of growth 
factors (ppm.: glycine, 3.0; thiamine, 0.15; ascorbic acid, 20.0; 
pantothenic acid, 0.5; nicotinic acid, 1.0; vitamin Be, 0.2; adenine, 
0.2; succinic acid, 25.0) proved effective in promoting growth of 


these embryos into viable seedlings. This mixture of growth fac- 
tors, however, proved ineffective in their attempts to grow younger 
Datura embryos (less than 0.5 mm. long). 

Rijven (1952), in his cultures of immature Capsella embryos, 
reports negative results when the following mixture of “ bios fac- 
tors” was added to his culture medium: ppm.: thiamine, 0.15; 
nicotinic acid, 1.0; pyridoxine, 0.2; Ca pantothenate, 0.2; inositol, 
0.5; p-amino benzoic acid, 0.5; riboflavine, 0.1; folic acid, 0.01; 
biotin, 0.0004. 

In evaluating the growth-promoting characters of these various 
substances one is tempted to find certain contradictions. Rytz 
(1939) suggests at least a partial explanation for certain of these 
discrepancies ; he showed that different varieties of the same plant 
species (pea) did not react in the same way to a thiamine treat- 
ment. Similar varying results in the effect of ascorbic acid have 
been reported by Saubert von Hausen (1948). 

Other Organic Supplements. COCONUT MILK. In various at- 
tempts to stimulate the growth of immature plant embryos it was 
soon realized that certain embryos, especially when excised at a 
very young stage, would not grow, even if many possible vitamin 
mixtures and growth factors were added to the medium. Li 
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(1934) and Li and Shen (1934) reported tha: the orly way to 
grow Ginkgo embryos in‘ vitro was to add an extract of Ginkgo 
seed endosperm to the medium. 

Thus it became apparent that very young embryos require as 
nourishment certain substances, yet unknown, which are supplied 
to them by the endosperm, and if transplanted to a synthetic me- 
dium these embryos stop growing, probably due to the lack of 
these substances. Based on such consideration, van Overbeek, 
Conklin and Blakeslee (1942), in their experiments with immature 
Datura embryos, added to their culture media coconut milk, itself, 
being a liquid endosperm. They found that with heat-autoclaved 
coconut milk the young embryos grew as an unorganized mass, 
whereas without heating the milk normal growth of very young 
embryos resulted (from 0.15 mm. initial length up to 8.0 mm. 
after seven days). This double behavior of coconut milk led these 
authors to a tentative conclusion that there might be at least two 
substances in coconut milk—a heat-stable one which produces 
abundant cell proliferation, and another, heat labile, which affects 
normal formation of the embryo. Jack Schultz (quoted by van 
Overbeek, 1942) found that in young Datura embryos kept in a 
medium devoid of coconut milk, nuclear divisions were halted and 
the nucleoli started to degenerate; on the other hand, in the pres- 
ence of coconut milk practically all nuclei were active and divisions 
were frequent. 

Furthermore, van Overbeek, Conklin and Blakeslee (1942) ob- 
served that young Datura embryos, when growing in a medium 
containing autoclaved coconut milk, did not show any root for- 
mation. From this they supposed that a heat-stable root growth- 
inhibiting substance is present in coconut milk which brings about 
suppression of root growth. In this connection, observations made 
by Cook and Doyle (1916) are of interest: in the germinating 
coconut embryo in vivo the developing roots remain in the fibrous 
outer shell and do not penetrate into the milk as would be ex- 
pected from their topological position. Cutter and Wilson (1952) 
and Cutter (personal communication) report, as preliminary re- 
sults of their experiments with in vitro cultures of young coconut 
embryos (5-10 mm.), that “ milk from young coconuts is slightly 
stimulatory to dormant coconut embryos whereas milk and endo- 
sperm from older coconuts is not stimulatory and may exhibit an 
inhibiting effect upon the growth of dormant embryos ”’. 
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From the successful application of coconut milk as a source for 
additional growth factors there followed a series of other investi- 
gations using this substance as an addition not only to in vitro 
cultures of plant embryos but also of various plant tissue fragments. 
(Caplin and Steward, 1948; Ball, 1948; Nickel, 1950; Steward and 
Caplin, 1951/2; Morel and Wetmore, 1951; etc.). 

As could be expected, various attempts were made to identify 
the factor present in coconut milk which is responsible for its 
growth-promoting activity. 

Van Overbeek, Siu and Haagen-Smit (1944) report that they 
succeeded in obtaining an extract from coconut milk which had 
an increased activity of 170 times as compared to the original sap. 
Steward and his co-workers (1951/2) report that the material 
present in coconut milk is a heat-stable, water-soluble, organic 
compound. Mauney, Hillman, Miller, Skoog, Clayton and Strong 
(1952) were able to present additional chemical and physical data 
to the properties of this active factor. In apparent contradiction 
to findings of Steward’s (1952) laboratory they found that most 
of the growth-promoting activity is in the coconut meat and they 
therefore used it instead of the milk as source material for their 
various extractions. From their different purifications it appears 
that the growth factor is “a heat-stable, acid-and-alkali labile, 
non-volatile, water-soluble organic compound”. They were, fur- 
thermore, able to prepare a concentrate from coconut meat which 
turned out to be 4350 times as active on a fresh weight basis as 
the starting iiiaterial. This “ activity coefficient” compares quite 
favorably with that of only 170 obtained by van Overbeek and his 
co-workers eight years earlier. Nevertheless, the question as to 
which factor or group of substances is responsible for the growth- 
promoting activity of coconut milk still remains to be solved. 

For documentary purposes mention should be made of findings 
reported by Caplin and Steward (1948). These authors found 
that tissue of potato tuber could be grown successfully in vitro if 
a proper balance was established between the plant growth hor- 
mone 2,4-D and the coconut milk factor. The exact significance 
of these findings has not yet been elucidated. 

On the other hand, coconut milk does not seem to be the “ mira- 
cle substance ” which would favor all types of embryonic growth. 
As van Overbeek et al. (1942) have already pointed out, addition 
of coconut milk did not promote the growth of very small Datura 
embryos (radially symmetrical) ; furthermore, Haagen-Smit, Siu 
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and Wilson (1945) found that coconut milk did not promote any 
growth of immature corn embryos (0.3 mm.). Similarly, Ziebur 
and Erink (1951) reported that addition of ccconut milk to the 
culture medium did not have any favorable effect on the growth of 
immature barley embryos (0.3-1.1 mm.). 

OTHER PLANT EXTRACTS. Van Overbeek et al. (1944) tested 
various natural extracts for their growth-promoting activity. They 
found that yeast extracts, wheat germs, almond meal and extracts 
of Datura ovules showed embryo factor activity which did not, 
however, equal that of coconut milk in prolonged cultures. This 
author (unpublished) found similar growth-promoting results in 
very young Datura embryos by adding excised semi-solid Datura 
endosperm to the culture medium. The excised endosperm did 
not have to originate from the same Datura species as did the 
embryo. Ziebur and Brink (1951) reported improved growth of 
immature barley embryos after surrounding them on the surface of 
the agar culture medium by barley endosperms. The growth-pro- 
moting activity of this endosperm did not appear to be limited to 
embryos sui generis, since it also stimulated embryonic growth of 
Raphanus and Capsella. 

The value of endosperm as a nutrient for immature embryos 
had been noted as early as 1907 by Stingl; instead of placing the 
excised embryos in culture media, he transferred them to the endo- 
sperm of other species and found, for example, that wheat em- 
bryos grew better in rye endosperm than in wheat endosperm; 
similarly oat embryos grew better in wheat endosperm than in their 
own. 

Blakeslee and Satina (1944) reported that a powdered malt 
extract solution was an effective substitute for coconut milk in the 
culture of immature Datura embryos. This malt extract had, 
however, to be sterilized by Seitz filtration, since sterilization by 
autoclaving caused inhibition of embryonic growth. A similar 
inhibitory action of malt on the growth of animal tissue had already 
been described by Heaton (1929) and by Medawar, Robinson and 
Robinson (1943). Solomon (1950), in her attempts to elucidate 
the nature of these growth-inhibiting properties of autoclaved malt 
extract, found that the growth factor in malt is not destroyed by 
autoclaving but instead is masked by the presence of a newly 
formed growth inhibitor. This inhibitor appears to be prefer- 
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entially soluble in water, non-volatile and heat-stable. According 
to Dickson and Burkhart (1942), the growth-promoting action of 
malt extract would be due to soluble nitrogenous substances pres- 
ent in it under the form of various amino acids. On the other 
hand, Sanders (1947) reported that Seitz-filtered malt interfered 
with the germination of Datura embryos, decreased root formation 
and inhibited plumule growth. 

In the routine work with embryo cultures in this author’s lab- 
oratory, immature Datura embryos are being currently grown 
without any addition of either coconut milk or malt extract; this 
eliminates rather tedious, laborious and time-consuming proce- 
dures; instead, based on the work of Sanders and Burkholder 
(1948), caseine hydrolysate (300-600 ppm.) is being added to 
the culture medium before autoclaving. 

AUXINS. In his investigations on the influence of coconut milk 
on the growth of Datura embryos in vitro, van Overbeek (1942) 
noted a pronounced root inhibition and absence of stem inhibition 
in cultures to which coconut milk had been added. Since auxins 
are known to manifest similar properties, he suspected that an 
auxin present in coconut milk may be responsible for this inhibi- 
tion of root growth. After testing coconut milk which had under- 
gone various extractions and treatments he concluded that “ it is 
the auxin in the medium which keeps the embryo in the embryonic 
stage. Lowering of the auxin level causes the embryo to go into 
the seedling stage ”’. 

Subsequent studies on the influence of auxins on the growth of 
immature embryos in vitro yielded various results. Sanders 
(1950) was not able to detect any influence of indole-3-acetic acid 
in Datura embryos, whereas Rappaport et al. (1950) report a slight 
improvement in the growth of Datura stramonium embryos caused 
by addition of alpha naphthalene acetic acid (0.05 and 0.1 ppm.) ; 
at higher concentrations (0.5-10 ppm.) an irregular twisting and 
bending of the embryos was observed. Similar results are re- 
ported by Rijven (1952) on Capsella embryos where 0.001 ppm. 
of indole-3-acetic acid stimulated growth and inhibited it in concen- 
trations above 1 ppm. 

In cultures of mature plant embryos the influence of auxins is 
of a somewhat different nature. Working with bean embryos, 
Solacolu and Constantinesco (1936) and Gautheret (1937) and 
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Gardiner (1940) report that at auxin concentrations varying from 
1 to 100 ppm., a swelling of the hypocotyl was observed which 
eventually grew into a tumoroid unorganized mass of cells. Simi- 
lar results were obtained by Kraus, Brown and Hamner (1936) 
and by Hamner and Kraus (1937) in bean seedlings. 

It would be beyond the scope of this review to go into the de- 
tails and the significance of these abnormal outgrowths caused 
by auxins on young plant tissues and organs. The reader is re- 
ferred to the work of de Ropp (1947/8), Riker (1942), Hilde- 
brandt and Riker (1947), Link et al. (1937) and Locke et al. 
(1938). 

Mention be made here of the work of Lachaux (1944) who 
found that indole-3-acetic acid will increase respiration of tissue 
fragments of Jerusalem artichoke in culture, while it will be in- 
effective in carrot tissue. 


PHYSICAL FACTORS 


THE pH. Although the pH of the culture medium influences 
the success of a culture to a considerable extent, very few investi- 
gations have been carried out to clarify this point. Van Overbeek, 
Siu and Haagen-Smit (1944), working with heart-shaped Datura 
embryos, report that during the first two to four days after ex- 
cision the optimal pH is about 7, while during the successive days 
of culture the optimum is only 5.5. In his work with immature 
Capsella embryos Rijven (1952) was not able to determine a defi- 
nite optimal pH value for his media because some other limiting 
factors of a nutritional nature interfered with the growth of his 
embryos. 

In setting up embryo cultures one has to try to keep the pH of 
the medium throughout the whole experiment at the level of the 
optimum value, since shifts in the latter may interfere with the 
normal growth by upsetting the ionic balance of the medium. Thus 
Street et al. (1952) report that a shift towards aikalinity in 
White’s medium, which may occur during the experiment, causes 
precipitation of the iron salts and thereby renders them unavailable 
to the growing material; i.e., a shift in the pH of the medium may 
act as a “ stalling factor ” of the growth. 

In current embryo culture techniques the medium is usually ad- 
justed to a pH of about 6; some investigators use a phosphate 
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buffer, others omit the latter and rely upon the phosphates in the 
medium to stabilize the pH. 

TEMPERATURE. Van Overbeek et al. (1944) grew Datura em- 
bryos at different temperatures and measured their relative growth 
at regular intervals for the first five days of the experiment ; in all 
cases they report an optimum temperature of 32° C.  Rijven 
(1952) found an optimal temperature of 30° C. for Capsella em- 
bryos during the first 24 hours of the experiment, and points out 
that, considering the total growth of his embryos over the first 96 
hours of the culture, other limiting factors, probably of a nutri- 
tional nature, appeared and may have rendered difficult the exact 
determination of the optimal “ non nutritional ” factors. 

LIGHT. Rijven (1952), using his optimal culture medium for 
Capsella embryos, reports a slight inhibiting effect of light on pre- 
germinal embryo growth, the statistical significance of which be- 
came evident only after the fourth day of culture. 

Generally, most of the embryo cultures grown by various in- 
vestigators are kept in dark incubators until the necessity of a light 
source for photosynthetic activity of the resulting young seedlings 
arises. 

OSMOTIC PRESSURE OF THE CULTURE MEDIUM. As mentioned 
before, Dieterich (1924) observed the difference in the develop- 
mental pattern of young embryos in culture; when submerged in 
the agar medium, the embryos continued their embryonic growth, 
while they “ germinated” when kept on the surface of the medium. 
This phenomenon, called “ ktnstliche Frihgeburt ” by him, was 
observed later by other investigators, and it was demonstrated that 
this precocious germination usually occurs when the medium has 
a low osmotic value. It will be recalled that in Datura embryos 
the optimal sugar concentration of the medium varies with the age 
of the embryos at the moment of excision; the younger the em- 
bryos the higher must the sugar concentration in the medium be 
maintained (8-0.5 per cent). Results of a similar nature have 
been observed by van Oordt (1952) in the germination of mature 
Capsella embryos. 

Ziebur and Brink (1951), studying the influence of barley endo- 
sperm on the germination of immature barley embryos in media 
with various sucrose concentrations, reported that embryos ger- 
minated precociously on the lowest concentration (2 per cent) and 
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that the embryos were smallest on the highest one (20 per cent). 
In another paper Ziebur et al. (1950) reported that addition of 
one per cent caseine hydrolysate to the culture medium inhibits 
germination and prolongs embryonic growth. This inhibition is 
ascribed by these authors to the high osmotic pressure created 
within the medium by the introduction of various amino acids and 
the sodium chloride. In replacing sucrose by mannitol, itself nu- 
tritionally inactive in barley embryos, they were able to maintain 
a high osmotic pressure in their media and thereby prevent ger- 
mination. Similar experiments were reported by Rietsema (1952) 
in Datura embryos; he was able to grow very young Datura em- 
bryos, which usually require a high sucrose concentration, in a 
medium of low sugar concentration, provided the osmotic pressure 
of the medium was kept at a high level by mannitol. 

That the osmotic pressure of the environment controls, to some 
degree, the behavior of young embryos was reported by various 
authors. Thus Uhvitis (1946) showed that germination of mature 
alfalfa seeds can be inhibited by changing only the osmotic pressure 
of the environment by the use of relatively inert substances such 
as NaCl and mannitol. Similarly Duym et al. (1947) concluded 
that the inhibition of germination caused by extracts of sugar beet 
seed balls can be attributed partly to the osmotic pressure caused 
by inorganic salts present in the seed balls. Finally Pope 
(1944/9), attacking this problem from a different angle, was able 
to induce barley embryos to germinate while still growing on the 
plant by simply exposing them in situ and lowering the osmotic 
pressure of the environment by applying wads of cotton soaked in 
water. 

Although rather loosely connected with this problem discussed 
here, mention should be made of a paper by Street and McGregor 
(1952). In studying the influence of varying sucrose concentra- 
tions in the culture of excised roots, these authors came to the 
conclusion that the effect of varying sugar concentrations on the 
growth of roots is not caused by the resulting changes in the os- 
motic pressure of the medium (White’s). Nevertheless, it seems 
an established fact that the osmotic pressure of the medium is at 
least one of the limiting factors controlling the normal growth of 
immature plant embryos in vitro. 

Closely related to this problem is a point brought up by Went 
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(1952) in his paper on physical factors affecting plant growth. 
In discussing the diffusion phenomena within a young plant em- 
bryo he suggests that specific diffusible growth factors, needed 
for differentiation, are produced within the embryo and have a ten- 
dency to diffuse into the surrounding medium. In larger embryos 
enough of these substances is accumulated to initiate differentiation, 
whereas in smaller ones these growth factors would diffuse away 
and thus fail to reach a critical concentration which would cause 
differentiation. This may explain why large plant embryos can 
be grown in a nutrient medium without addition of growth factors. 
The smaller the embryos the greater is the demand for vitamins in 
the culture medium, and finally, very small embryos will develop 
only if complex substances like coconut milk are introduced into 
the medium. It would seem thus that “it depends on the balance 
between the rates of production and diffusion of these growth 
factors not only whether an organism can grow at all in a given 
medium, but also what its growth rate will be” (In press). 


CONCLUDING REMARKS 


Culture of plant embryos, although a relatively young branch 
of plant physiology, has made valuable contributions during the 
last 20 years to our knowledge of certain phases in the develop- 
ment of such embryos. Outstanding among the achievements in 
this field are at least two of an applied nature: (a) overcoming 
certain dormancy phenomena in some seeds, and (0) obtaining 
viable hybrids which were previously considered to be unobtainable. 

In considering the literature discussed in this review, one is 
disappointed in the lack of more specific data on the physiological 
functions of the various substances and in the paucity of conclusive 
explanations of the results derived from various treatments of the 
constituents of culture media. No detailed analysis of the function 
of certain substances in the developing young embryo has been 
made. More than ten years have elapsed since coconut milk was 
introduced as a growth-stimulating substance in the culture of 
young plant embryos, and even now it is not known what factor, or 
group of factors, are responsible for this unusual stimulus. When 
using this substance, one is still unable to “ duplicate nature” in 
growing very young embryos (“ preheart” and “ proembryo’’) 
in vitro. Certainly the foundation of such work has been laid, and 
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it is a promising sign that embryo culture work is being carried 
out in widely scattered laboratories. 

This lack of detailed knowledge is true not only for the fields of 
embryo culture but also for a very closely related and more widely 
used branch of physiology, tissue culture. White (1951), in his 
résumé of the subject, noted “the dearth of data on the function 
of the various substances studied. There is nothing comparable to 
the detailed analyses of nutrient functions developed by the Neuro- 
Spora school, although the materials themselves are as easily 
manipulated in many ways as are the molds. . . . It is still a wide, 
interesting, and relatively unplumbed field which undoubtedly has 
an important future ”’ 


These same remarks seem equally applicable to the field of plant 
embryo culture. 
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INTRODUCTION 


The sand strands bordering oceans and large lakes have at- 
tracted the interest of ecologists and others in many parts of the 
world for a long time. Studies have been made of their origin, 
of dune formation, of the plants and animals and their zonation 
and special characteristics, the factors of strands and their limiting 
or controlling effects on the vegetation. There is, as a result, a 
considerable body of literature which would have to be brought 
together to summarize all that is known about strands, and assem- 
bling it and getting it published would be a tremendous undertaking. 

However, the sand strands of the southeastern United States 
have a certain unity regarding origin, physiographic features and 
vegetation, and have been studied more or less intensively through- 
out. A review restricted to them should be of value as a summary 
of a fairly large segment of the knowledge of sand strands and 
their vegetation. 

Sand strands occur discontinuously along the entire Atlantic 
Coast from southern New England to the tip of Florida. From 
here they continue as a feature of the irregularly spaced keys which 
occur in a long curve southwestward to the Dry Tortugas. The 
west coast of Florida has little sand strand, but northwest Florida 
and westward along much of the Gulf Coast is again discontinu- 
ously bordered by strand. 

Much of this sand strand is on the mainland, but as often as 
not it appears on offshore banks or islands which are separated 
from the mainland by a usually narrow sound. Sometimes, how- 
ever, the banks lie ten or 12 miles offshore. No attempt will be 
made to review the details of sometimes conflicting opinion on the 
origin of banks nor the voluminous literature on sand dune forma- 
tion. Comprehensive treatments of the subject are available (28, 
et al.) as are certain more recent ideas applying to the area in par- 
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ticular (38, 39). Because of its simple clarity, an early discus- 
sion by Shaler (50a) deserves mention. In it he considers all the 
processes producing coastal features, in particular those of our 
Atlantic Coast. 

Apparently the banks originate as offshore submarine bars which 
are initially derived from local erosion of the sea bottom by onshore 
waves. Later, shifting longshore currents deposit the materials 
they carry, and the island grows. It should be born in mind that 
such a bank, once formed, is still constantly subject to the same 
forces which created it and, as a consequence, it is essentially a 
transient physiographic feature, or at least an unstable one. Al- 
though materials may be added to the beach, there is also a ten- 
dency for materials to be removed and either to be carried inland 
or carried away. Most banks, therefore, tend to become narrower 
or to be shifted inland under the influence of waves, currents and 
wind. 

The paucity of sand beaches on the west coast of Florida results 
(33) from the shallow gently-sloping offshore bottom which re- 
duces the effectiveness of waves in carrying sand or beating on the 
shore. Then, too, there is relatively little sand brought down by 
the streams, which flow over limestone, and there are no prevail- 
ing longshore currents to bring down sand from further north (as 
on the east coast). 

The sand strand is a distinctive habitat and as such supports a 
characteristic vegetational cover whose zonation and life forms are 
repeated around the world. The flora includes some species and 
several genera of world-wide distribution. Nevertheless, floristi- 
cally distinct units may be recognized, and the strands of the south- 
eastern United States appear to comprise a unit whose limits may 
be set by the approximate range of live oak (Quercus virgini- 
ana) along the coast. On this basis, a review of the southeastern 
strand would properly include the coast from southeastern Vir- 
ginia, all the way around Florida and the Gulf Coast to Texas and 
northern Mexico. However, Texas will be set as an arbitrary 
western limit, admittedly because of the limited amount of informa- 
tion on the strand in the area beyond. 

The distinctive vegetation of the maritime sand strand borders 
the ocean in a narrow band sometimes on the mainland, but more 
often on the offshore islands or banks. The communities extend 
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inland little more than a mile from the sea, and all the character- 
istic species disappear entirely within a few miles (59). Aside 
from the generally functional coastal plain factors, such as deep 
sand and recurring fires, the communities of this maritime zone 
are undoubtedly affected by oceanic amelioration of temperature 
extremes as well as the almost constant and often excessive winds, 
the salt spray, the shifting sand and sometimes salt water during 
storms. These are the factors to be considered in detail in relation 
to the maritime communities which can tolerate them. 

It should be noted that not all of the coast is bordered by a sand 
strand (e.g., the west coast of Florida). Many beaches are not 
sandy, or are so protected from rough weather that no strand de- 
velops. In such situations, if the water is shallow, salt marshes de- 
velop, and these may extend inland as far as the tide is effective. 
Under subtropical conditions, protected shallow waters commonly 
support mangroves and their associated species. Only the sand 
strand communities will be considered here. The literature on the 
usually extensive salt or freshwater swamps and marshes which 
border the relatively restricted maritime strand has been reviewed 
recently (45). 

General descriptions of the vegetation of the southeastern United 
States may be found in broader treatments applying to North 
America as a whole (26, 51) or to portions of it (7). Textbooks 
of plant ecology likewise present condensed summaries of the 
major communities (43, 56). Inevitably such reports emphasize 
the major communities and their distribution. Thus climax, in its 
various aspects, is the chief concern, and only major climatic, 
physiographic and edaphic correlations are apt to be made. At the 
same time successional information is generalized, and what is 
known of community dynamics and their causes is but lightly 
touched upon. It is the intent of this review to bring together from 
the literature what is known of community dynamics and the re- 
lated ecological processes and conditions on the sand strand, so 
summarized that it may be fitted more effectively into such gen- 
eralizations as those above. 


STRANDS OF THE COAST, BANKS AND ISLANDS 


The deep sands of the lower terraces of the Coastal Plain and its 
offshore banks, when exposed to tides and pounding surf, result 
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in extensive sand beaches along most of the coast line. These 
beaches in turn provide the sand which is swept into dunes by the 
winds which are seasonally prevailingly from one direction. The 
usual conformation (44) which results is a barren beach of greatly 
varying width that gradually slopes upward from low tide level to 
a relatively low foredune. Behind this ridge there is a somewhat 
protected zone, again of widely varying width, which is commonly 
lower than the foredune and within which may be numerous incipi- 
ent small dunes in process of formation or ‘“ blowing out’. Some- 
times this depression is blown out to a depth that approaches the 
water table (fresh water); now and again it may be flooded by 
extremely high tides which break through the foredunes. Still 
further back are the truly large dunes, when they are present. 

In any of these situations the instability of habitats subject to 
water or wind erosion or both, the low water-retaining ability and 
excellent drainage of the soil, the high evaporation rates associated 
with constant air movement, high temperatures and full sunlight, 
all make for a peculiarly adapted flora. Within this flora there is 
again obvious selective action by environment, since distinctive 
zonation of species is associated with the topography. 

At the turn of the century an unusual flurry of interest produced 
a series of papers on maritime vegetation of the region from Massa- 
chusetts (9) through New Jersey (22, 23) and Delaware (54, 
55) to the Carolinas (11, 12, 27, 29, 30), peninsular Florida (57) 
and the keys off the southern tip of Florida (40), as well as the 
Gulf Coast of Mississippi and Louisiana (35). Also at that time 
Mohr (41) included a brief discussion of ‘‘ xerophile psammo- 
phytes ” occurring on dunes and dry sands of the Alabama coast, 
and Bray (7a) made brief mention of coastal strands and dunes 
in Texas. Only a little later Maryland strand vegetation was de- 
scribed (10, 52), and another report belonging in this series (34) 
described Shackleford Bank off the North Carolina coast. 

All of these papers recognize the general topography as de- 
scribed above for sandy shores occurring more or less continuously 
along the entire Atlantic seaboard and much of the Gulf Coast 
except the western coast of Florida where the coastal situation is 
more apt to be controlled or produced by mangroves (13). Like- 
wise the same zonation of vegetation is recognized, although the 
terminology is highly variable, and a surprising number of domi- 
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nants or typical species are described as exteiiding throughout this 
entire range. The differences in species peculiar to Florida strand 
and dune vegetation are well illustrated by the detailed descriptions 
and profiles by Kurz (33) for seven localities on the east coast of 
the State and two on the northwest Gulf Coast. A compact sum- 
mation is also given by Davis (15). 

Perhaps the somewhat centrally located Shackleford Bank (34) 
could be taken as representative, especially since its study was per- 
haps more intensive and because its description incorporates the 
ideas represented in the earlier papers. Listing the zonal com- 
munities recognized for Shackleford with the major species and in- 
dicating as well those species repeatedly found elsewhere in these 
zones should give a reasonable notion of community components 
recognized by the several observers and reduce the necessity for 
repeated mention of species in the text. 

Because the reader interested in details about a particular lo- 
cality would probably want to check on the original literature and 
because reference to secondary species here would necessitate long 
lists of names, of little interest to the general reader, only the prin- 
cipal species of the various zones are mentioned in the text, to- 
gether with the occasional ones used in experimental work. Even 
so, this brings up several problems of taxonomic terminology be- 
cause of the numerous nomenclatorial revisions during the period 
covered. To establish uniformity of scientific names in the text, 
the nomenclature of Gray’s Manual of Botany, &th edition, has 
been used arbitrarily, in so far as it applies. That for the remain- 
ing, strictly southern, species follows Small’s Manual of the South- 
eastern Flora, 1933. 

I. Sand Strand Vegetation 
1. Treeless (open) 

a. Inner Beach—Croton punctatus, Cenchrus tribuloides 
(Cakile edentula, Spartina patens, Physalis maritima) 

b. Outer Beach—Salsola kali, Euphorbia polygonifolia 
(Fimbristylis castanea, Spartina patens) 

c. Dune Beach—Uniola paniculata (Strophostyles helvola, 
Oenothera humifusa, and any of others from the inner 
or outer beach) 

2. Trees and Shrubs (closed) 

a. Thicket—Jlex vomitoria (Myrica cerifera, Juniperus 

virginiana ) 
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b. Thicket woodland—Persea borbonia (and forma pubes- 
cens) (Juniperus virginiana, many lianas including 
elipelopsis arborea, Parthenocissus quinquefolia, 
litis, spp., Smilax spp., Rhus toxicodendron, numer- 
ous ericaceous shrubs, especially Vaccinium arboreum ) 

c. Woodland—Quercus virginiana (Carpinus caroliniana, 
Ilex opaca, Morus rubra, Quercus laurifolia, Bumelia 
lycioides, Xanthoxylum clava-herculis, Osmanthus 
americanus ) 

II. Marsh Vegetation 
1. Salt Marsh—Spartina alterniflora, Salicornia virginica, et 
al. (Suaeda linearis, Borrichia frutescens, Spergularia 
marina, Limonium carolinianum, Distichlis spicata, Kos- 
teletskya virginica) 


Creek Marsh—Juncus roemerianus 
3. Dune Marsh—various species 
4. Tidal Flat—Scirpus americanus, Paspalum distichum (Fim- 
bristylis castanea, Spartina patens) 
Almost without exception these species extend throughout the 


area considered. To the north, d4mmophila breviligulata tends to 
replace Uniola as a dune-former and stabilizer together with Lathy- 
rus japonicus var. glaber, and Hudsonia tomentosa often blankets 
large areas of the low dunes (17, 22). Otherwise the situation on 
the open strand as far north as New Jersey is remarkably like 
that of the Carolinas, aside from several northern species which 
would ordinarily not be considered primarily maritime. The for- 
est does not include Quercus virginiana which is essentially south- 
ern in range, although red cedar is as important as elsewhere. 
Several oaks, including the dwarf Q. ilicifolia, and numerous other 
hardwoods of wide distribution take the place of live oak. 
Southward the changes are perhaps more marked, although they 
are gradual. Ammophila drops out in North Carolina, leaving 
Uniola the chief dune grass, although Panicum amarum may be 
abundant. Other dune-builders appearing and increasing south- 
ward are the ipomoeas (J. pes-caprae, I. stolonifera). Several 
species of Yucca are found more abundantly southward, and the 
low saw palmetto (Serenoa repens) may be locally dominant on 
the dunes both in the Gulf states (47) and peninsular Florida 
(33). Indicative of subtropical conditions is the increase of cab- 
bage palmetto or cabbage palm (Sabal palmetto), whose northern 
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limit is on Smith’s Island, North Carolina (12), a greater amount 
of Quercus geminata in both the shrub and forest zones, and the 
frequent association of Magnolia grandiflora with the live oak 
forest (33). 

Regardless of the latitude, certain generalizations apply every- 
where. The beach, including the foredune and a varying extent 
of incipient low dunes behind it, is invariably characterized by 
herbaceous dominants with only an occasional shrub or wind-shorn 
tree in a protected hollow. The closed cover of the shrub thicket 
is most apt to begin behind the protection of a rear dune or at a 
distance sufficient to reduce somewhat the exposure to wind and 
spray. Usually the closed cover begins abruptly, with shrubs 
closely massed on the ocean side. Not uncommonly the first shrubs 
are prostrate and then become progressively taller landward. The 
tops, being closely wind-sheared, form a long smooth sweep of 
compact surface which increases in height up to the forest. The 
height gradient is paralleled by a transition in species composition. 
The thicket of yaupon, myrtle and red cedar becomes low woods 
with several shrubs added as well as trees (pg. 231) and the whole 


intertwined with numerous lianas. Still further back, under proper 
conditions, the thicket grades into low forest characterized by live 
oak (Q. virginiana). Its associates may include any of the species 
of the thicket, but typically they are less massed and tangled under 
the widespreading crowns of the oak, and several other tree species 
usually occur (Carpinus, Morus, Osmanthus, etc.) This is the 
live oak or maritime forest. 


STRANDS OF THE KEYS 


From Key Biscayne to Key West, off southern Florida, the 
Upper Keys are of coral origin, and the tropical flora resembles 
that of the Bahamas to the east. The Lower Keys are of oolitic 
limestone with elements of the flora related to that of Cuba to the 
south (53). This series of keys has relatively little coarse sand, and 
in its absence, mangroves and related tropical species are character- 
istic. But between Key West and the Dry Tortugas the islands 
are predominantly sandy and again support a typical strand flora 
with numerous tropical and subtropical species added in various 
combinations (14, 40). The dune complex is invariably found on 
the exposed side of the islands, as is well shown by the maps of 





VEGETATION OF THE MARITIME STRAND 233 


O. E. Lansing (40), while the protected side is taken over by 
mangroves. 

Harper (21) made brief generalizations on the vegetation of 
the keys, and Bowman (3) reported in detail on the vegetation and 
ecological factors of the Dry Tortugas. But a more recent treat- 
ment of the ecology of all the keys by Davis (14) is both compre- 
hensive and detailed, including descriptions of both strand and 
mangrove communities on each key as well as consideration of 
controlling factors. 

The generalized zones of the key strand and their components 
are much like those of the mainland but include additional tropical 
species. Davis recognizes (1) a strand-beach associes of pioneer 
halophytic species (the commonest—Sesuvium portulacastrum, 
Cakile lanceolata, Ipomoea pes-caprac, Panicum amarulum, Sporo- 
bolus virginicus, Uniola paniculata, Chamaesyce buxifolia, and the 
shrub, Mallotonia gnaphalodes, (2) an essentially herbaceous 
strand-dune associes, on the fore part of the low dunes, in which 
Uniola paniculata is the dominant, (3) a strand-scrub associes, in 
which Suriana maritima is the most frequent, may be the only 
woody community, but on some of the keys the scrub is a transition 
to a usually poorly developed (4) strand-hammock (near climax), 
including representatives of such genera as Pithecolobium, Jacqui- 
nia, Coccothrinax, Thrinax, Metopium, Reynosia, Capparis and 
Eugenia. Species composition is extremely variable as is true of 
all tropical hammocks. It is certainly of interest to note that a 
recent report (20) on the sand dunes of Barbados, British West 
Indies, recognizes the same zonation as that of the keys with the 
same principal species as dominants, with the notable exception 
of Uniola which is apparently absent. 


ENVIRONMENT OF THE STRAND 


Almost without exception, the papers on strand vegetation, from 
the earliest to the present, make a point of the extremeness of 
the environment and that only peculiarly adapted species can sur- 
vive as dominants under the circumstances. It seems appropriate, 
therefore, to consider what is known of the factors of this special 
environment and to sum up the effects, as they have been inter- 
preted, on the species and their distribution, both locally and in 
the range. 
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Commonly mentioned factors which are interpreted as causative 
in strand ecology are: topography, wind, salt spray, soil and its 
components, light, temperature. These will be considered under 
appropriate headings. 

TOPOGRAPHY. Because of the numerous interactions of topog- 
raphy with other factors in the strand environment, it deserves 
first consideration. It is the primary cause of differences in sev- 
eral factors (14): elevation affects the water content of the soil; 
low swales often contain water (sometimes saline) after rains or 
storms; high steep terraces erode, exposing roots and inhibiting 
establishment of new cover; distance from the shore and height 
modify the exposure to salt spray and high waves; the position of 
the island with respect to prevailing winds affects dune building, 
salt spray concentrations and desiccating action. 

The general profile of bank and key strands has already been 
mentioned, but this idealized arrangement of foredune with a lower 
area behind it and a larger dune to landward by no means always 
exists. There may be a series of medium to large parallel ridges 
behind the foredune, or there may be no conspicuous rear dunes 
at all, as is often true on the keys. Rarely, there are transverse 
ridges at right angles to the foredune. 

The dunes may vary considerably in height from place to place. 
The maximum height on the keys is only about 11 feet (14). 
Along the Gulf Coast, Horn Island has only ten-foot dunes (48), 
but Cat Island with numerous small haystack dunes also has some 
large wandering ones up to 40 feet high (47). Along the Atlantic 
shore there is even greater diversity with 100-foot dunes mentioned 
at Cape Henry (17), equivalent ones at Kitty Hawk in North 
Carolina, but an apparent decline in maximum heights soon after 
that going southward. Along the east coast of Florida the dunes 
are no less extensive but mostly seem to reach lesser maxima, 
since 25 and 30 feet are most often mentioned (33). 

The diversity from place to place is not simply explainable, but 
certain conditions clearly contribute. The Atlantic seaboard is 
bordered by a siliceous sand, present in quantity, whose small 
particles are easily picked up from the beach by wind and carried 
higher. Likewise, blowouts of relatively stable areas may be more 
characteristic than elsewhere. 

Going south the materials of the beach and dunes become less 
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and less siliceous until the sands of the keys are made up entirely 
of the calcareous fragments of plant and animal structures or are 
entirely coralline. The angular fragments result in coarser soils 
which may not be moved as easily and which, having a different 
angle of rest, may not pile up to as great heights. 

From place to place, or at the same place, the conditions for 
dune formation may not always be the same, and these conditions 
may exist for quite varying lengths of time. Periodically, winds 
or available material may be highly favorable to dune formation 
and thus produce much variation (33). Within the pattern of 
well-established dunes, a break in the stabilizing cover of vegeta- 
tion may result in a blowout which, if extensive, destroys the pat- 
tern and is apt to result in the formation of the highest dunes of 
all, when shifting sand is piled upon stable areas of average height. 
This could often account for the * one ridge [which] usually towers 
above all others’ (33). These highest ridges become of consider- 
able importance because of the extra shelter they provide for the 
vegetation (usually forest, near climax) in their lee. 

Changing topography is characteristic of any dune area, even 
when stabilized by vegetation, because, when the plant cover is 
broken, blowouts almost invariably occur and these under some 
circumstances may be of considerable extent before the surface 
is stabilized again. Such changes of topography are accentuated 
on strand dunes because of the constant winds, often of great 
velocity. Because the prevailing winds are commonly inshore, the 
tendency is for exposed sand to move landward and for the largest 
dunes to be at some distance from the beach. Because of their 
exposure, the high dunes tend to enlarge from the sand they catch 
when prevailing winds pass over them, and likewise they are more 
subject to blowout than lesser dunes. The shelter they provide 
favors forest development to their leeward, but, since they tend to 
he shifting landward, the forest is commonly in process of being 
gradually buried by them. 

This shifting of dunes is a general phenomena on all the banks. 
It is mentioned for every area described from Cape Henry to 
Tortugas and on all the Gulf Coast dunes. The amount of blow- 
out and sand movement and the consequent rate of dune shifting 
are a product, on the one hand, of disturbance of cover and, on the 
other, of strength and continuity of wind. As a consequence, 
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storms speed up the process by destroying vegetation and pro- 
viding strong winds to blow out and carry the exposed sand. Al- 
though such shifting from natural disturbance has gone on since 
the banks were formed, it is highly probable that activities related 
to man, at least locally, have greatly accelerated the shifting in 
historic time. Overstocking with grazing animals and sometimes 
burning the beach grasses to improve grazing have often so de- 
nuded the herb zones as to cause wide areas to become shifting 
sand which previously had been relatively stable. 

When a dune moves over a forest the trees are buried as they 
stand and are preserved in the dune. Again and again “ ghost” 
or “ grave yard” forests are reported where such long-dead trees 
have again been exposed as a dune has moved on. These may be 
found on Ocracoke Island, Shackleford Bank, Bogue Bank and 
Smith’s Island off the North Carolina coast. They occur at sev- 
eral points along the Florida Coast (33), and ghost forests of 
pine and oak on Cat Island were found extending more than 100 
feet into the Gulf (47)—evidence of major change in recent times. 
A precise estimate of the degree and rate of such change was possi- 
ble for Shackleford Bank (19) because of the availability of maps 
from old (1853) surveys. At that time the entire strand portion 
of the island was heavily wooded. Today, of one 1250-acre area 
of woods, only 15% remains, and of an 850-acre tract only 20% 
is now wooded. The once-forested areas are now completely bar- 
ren or in grass dominance. 

There is evidence of even greater impermanency in these banks 
and islands. The very forces of wind and current which brought 
them into being are constantly at work on the seaward side, causing 
erosion, shifting, sorting and exposure of materials which gradu- 
ally forces the whole toward the mainland (28). Storms accelerate 
this action when low sand areas may be washed away or shifted, 
and steep terraces are cut into the foredunes by wave action (33). 
Changes of currents contribute similarly to the erosion of the 
outer shoreline. During hurricanes entirely new gaps may be 
cut across narrow parts of islands (33), and Engels (18) gives an 
interesting account of the historical record of old and new chan- 
nels opened and closed between North Carolina banks during 
great storms of the past. 

The landward shifting of the banks is not always proportional 
on the ocean and sound sides. There are instances where the 
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destructive forces along the beach remove and expose much more 
sand than is normally deposited on the sound side of the island. 
This is true for Shackleford Bank (19), and it must explain such 
situations as that at Topsail Beach, North Carolina, where the 
shrub zone and live oak forest occur very close behind a fair-sized 
foredune and, at present, with little evidence that the woody zones 
are, or have been, subjected to sand burial (6). Since the north- 
eastern Atlantic shoreline has been subsiding for some years (37), 
these circumstances are possible and they serve as supporting evi- 
dence. 


soils. There are few quantitative data in the literature on the 
characteristics of the strand sands. It has already been indicated 
that the Atlantic banks are of siliceous, fine to medium sands. 
Little evidence of profile development was found at Cape Henry 
(17), even under dune forest (not live oak) and only slight ac- 
cumulation of organic matter. From North Carolina southward 
the accumulation of litter in the dune forest may be marked, and 
the fermentation layer is an inch or more thick, since the ligneous 
leaves on dry soil are slow to decay. There is distinct evidence 
of humus accumulation in the surface soil and for several inches 
down, under the forest. Soils of the Gulf Coast islands are essen- 
tially similar, being fine to medium fine sand, grey to white, and 
with a negligible organic content (47, 48). On Cat Island the 
organic content of soil in the Uniola zone was 0.07% and under 
Pinus-Quercus forest, 0.23%. Soil of the Uniola zone had a pH 
of 6.9 and the forest soil, pH 7.2. On Bogue Bank (44) no con- 
sistent variation of pH was found within the herb zones that could 
be correlated with topography, depth or distance from the shore. 
The range was from pH 7.4 to 7.9, the higher values apparently 
applying where shell material was greatest. 

The alkaline soils of the Florida coast (39) and the keys are 
all coarser than the siliceous ones and become progressively more 
coarse from Key West to Tortugas where there is much coral 
sand. They are made up of broken angular parts of many marine 
organisms, and their coarseness makes them loose in structure, 
with a low water-retaining capacity and rapid percolation and dry- 
ing rates. Also, as a consequence, beaches are narrow and slope 
steeply, as do the dune terraces, and the high dunes are uncommon 
because the sand is not easily blown (14). The raw sand of 
Florida foredunes is alkaline, but further back, with some stability, 
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maturity is indicated by white surface and yellow subsurface soil, 
and here, where considerable humus may accumulate in the surface 
soil, the reaction is acid (33). On Barbados a similar decreasing 
alkalinity was found from foredune to stable areas (pH 8.5 to 7.5), 
but acid soils were not noted. There is agreement that this de- 
crease in pH is related to the accumulation of humus. 


SOIL MOISTURE AND SOLUBLE SALTs. Moisture conditions on the 
strand, as on any dune area, are generally accepted as extreme 
because of low water-holding capacity of the soil and high evapora- 
tion rates resulting from wind and temperature. The generaliza- 
tion is supported by relatively few data for the area under con- 
sideration, but the wide prevalence of xeromorphism has been 
widely used as a supporting argument. The interpretation of xero- 
morphism is confounded by concern over the possible effects of 
soluble salts deposited on the soil by waves and spray. In this 
connection Harshberger (24) stated flatly that physiological dry- 
ness is a major factor in the strand habitat. Others since have 
mentioned physiological drought but with less emphasis. 

As early as 1904, Kearney (31) made a limited number of elec- 
trometric determinations of soluble salts in strand soils and found 
them so low that he concluded that strand plants are not halophytes. 
He was convinced that salts in the soil solution had no bearing on 
the wide-spread xeromorphism of the vegetation and strengthened 
his argument by calling attention to the occurrence of the same 
growth forms (sometimes the same species) on the dunes along 
freshwater lakes. Because strand plants can tolerate considerable 
salinity but do not require it, it has been suggested (14) that they 
be termed “ facultative halophytes ”. 

Some suggestive data are available on soil moisture and soil 
salts from the siliceous dunes on Bogue Bank (44). Soil samples 
taken at ten and 20 centimeter depths at intervals along transects 
from foredunes to the crest of the highest rear dune show minor 
but probably insignificant variability in soil water constants from 
place to place and between depths. The major point of interest 
is that the values are extremely low (wilting percentage: range 
0.059-0.174%, average 0.14% ; moisture equivalent: range 1.56- 
2.38%, average 1.89%). Thus, on the average, these soils at 
field capacity would have no more than 1.79% available water. 
However, it is generally known that the fieid capacity of coarse 
soils may be substantially above the moisture equivalent. It is to 
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be expected then that soil moisture determinations made at these 
same points after field capacity was obviously attained would run 
consistently higher than the moisture equivalent, the maximum 
range being 1.0-8.1%, and the average 3.64%. At field capacity, 
therefore, available water here is nearer to 3.5%, but even this is, 
of course, a very low value, since soils of finer texture commonly 
have ten times as much available water under the same conditions. 

Determinations of soluble salts made at the stations along these 
same transects showed only minute quantities present (maximum 
1.81 mg./100 gm. of soil) and some variation from day to day— 
apparently depending upon what is deposited and how much leach- 
ing by rain has gone on. The windward side of the foredune had 
the highest concentrations in the soil, and the lowest were recorded 
on the crest of the rear dune. Determinations made along transects 
on other North Carolina dunes (6) gave very similar results. It 
was also found that after a rain the soil salinity was everywhere 
much reduced, indicating a very rapid leaching. The highest con- 
centrations were found on the lee side of the foredune, and this 
was explained (6) in terms of salts on soil particles picked up 
by the wind on the face of the dune and dropped over the crest. 

It has been stated (14) that on the keys there is a gradual change 
from distinct salinity on the beach to only a trace of salinity farther 
inland and that this is accompanied by a gradual reduction in soil 
moisture which is lowest in the strand scrub. If conditions permit 
accumulation of soil humus, the soil moisture near the surface rises 
again, as in a hammock. In this connection it is emphasized that 
there is great variability from time to time, as well as place to 
place, depending on precipitation and season. At Tortugas, with 
the coarsest sand, the soil water content on a particular day was 
12% on the middle beach (low tide), 9.5% in the strand beach 
association, 5.5% on the Uniola dunes, 4.7% in Suriana shrub, 
and 3.8% in the Chamaesyce zone (14). A similar sequence of 
values was found on the Marquesas plus a hammock determination 
of 15%, explained on the basis of humus. The only soil salinity 
values given (14) are for the middle beach where the soluble salts, 
expressed as a percentage of soil water, were 2% to 3% in an area 
where the sea water contains about 3.5% of soluble salts. 

A detailed study of soil water and soluble salts on Barbados (20) 
probably has wider application. Observations at 20-meter in- 
tervals from 50 meters above high tide to 150 and 180 meters in- 
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land were made systematically. Some of the mean values are given 
here because there are so few such data available. The following 
determinations are for a transect at Belle Plain, at 15-cm. depths: 


% salt % water % salt 
in sand in soil in water 


50 m. .0128 0.241 5.30 

100 m. 0082 0.482 1.79 

150 m. .0064 1.650 0.39 
These generalizations are of interest because they are based on 
a fair amount of data. Soil water content on Barbados increases 
landward but there is a parallel increase of variability. Soil salts 
at the same time decrease landward both in amount and variabil- 
ity. The point is made that the effectiveness of the lesser amount 
of salt deposited at a distance is reduced in the soil because with 
increased water-retaining capacity, the soil solution is more dilute. 
More systematic and extensive observations of soil moisture and 
soil salts are needed on several banks and keys to substantiate the 
local findings and permit satisfactory generalization. There should 
be parallel determinations of organic matter, since this has rarely 
been checked other than visually and is frequently referred to by 


all writers when interpreting soil water relations. Soil salinity 
and the physical conditions affecting water-holding capacity have 
been considered (14) as two of the most important determinants 
of the distribution of strand species. The argument is that tem- 
perature, precipitation, evaporating power of the air, wind and 
light are all too uniform to be strongly effective. 


TEMPERATURE, LIGHT, PRECIPITATION. It is impractical to do 
more than generalize on the climate of the banks and keys, since 
so few of them have weather stations, and records from the main- 
land must be used to fill out. What follows is taken from the 
ecological papers without checking official records of any kind. 

There is a progressive decline in mean winter temperatures 
from Tortugas (60-75° F.) to Cape Henry, Virginia (about 45°), 
and also in absolute minimum temperatures (Key West, 40°; 
Miami, 32°; Cape Hatteras, 8° F.). Mean summer temperatures 
show no such clear progression and are probably very similar 
throughout the keys (Tortugas, 77-88°) and along the banks 
(Cape Hatteras, 77°). The ranges of extremes of temperature, 
then, increase northward, but not so rapidly as they do on the 
mainland. There is only a 12° range between mean maximum 
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and mean minimum temperatures at Hatteras, a 10° range at Key 
West, and probably slightly less at Tortugas. 

Light on the strand is intense, both direct and reflected from 
the sand. As a consequence, the vegetation is exposed not only 
to high insolation but also to the accompanying high soil tem- 
peratures. The keys are possibly more extreme in this respect 
than offshore banks because they are exposed in summer to weeks 
of cloudless skies (average, 150 clear days per year). Northward 
there are many more partly cloudy days. Miami has an average 
of only 68 clear days per year and 135 partly cloudy ones. 

The pattern and amount of precipitation vary greatly through 
the range of keys and banks. From Miami vicinity (60 in.) an- 
nual precipitation decreases to the south and west (Long Key, 
42 in.; Key West, 38 in.; Tortugas, 33 in.). Northward of 
Miami precipitation also declines along the Atlantic Coast (Cape 
Henry, 44 in.) and possibly to a lesser extent along the Gulf Coast 
(Horn Island vicinity, 58 in.). The southward decline is accom- 
panied by an increasingly seasonal distribution until at Tortugas 
there is a six-month dry season (November—April) with less than 
one-fourth of the total rain falling at this time. At the same time 
the summer or wet season rainfall is apt to come in quick down- 
pours of several inches in a few hours. To the north of Miami 
rainfall is progressively less seasonal along the Atlantic (at Hat- 
teras summer precipitation is only slightly heavier than winter), 
but on the Gulf Coast much of the total falls in the warmer parts 
of the year. 

The extreme nature of temperature relations on the strand, par- 
ticularly as related to water loss and plant survival, is frequently 
mentioned in the literature, but few systematic measurements have 
been reported for this area. Under the circumstances it seems 
pertinent to call attention to an intensive study of temperatures on 
English dunes (49) and to quote from a report (44) on Bogue 
Bank where conditions were found to be similar to those reported 
in England. It seems likely that, in a general way, the following 
information would be widely applicable to the off-shore banks and 
probably to the keys: 

“ Temperatures of the dry dune sand, which is never more 
than partially shaded, are highly responsive to changes in 
atmospheric temperatures. As in all soils, the highest and 
lowest dune soil temperatures do not occur simultaneously 
with high and low air temperatures but lag considerably. 
The widest temperature variation is found in the surface 
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inch of soil which at night tends to be cooler than the air 
and by day usually exceeds the air temperature. 

“ Surface soil temperatures of 125-127° F. are not un- 
common in the early afternoon sometime after the sun has 
reached its peak but at the same time air temperatures do 
not exceed 95-100° F. 

‘Soil temperatures at 4 and 10 inches likewise respond 
to fluctuations of atmospheric temperature, but the magni- 
tude of variation is much less than at the surface and the 
lag is greater. Highest temperatures recorded at a depth 
of four inches are 95° at 2:00 p.m. and at the same time 
89° at 10 inches. The general tendency is for subsurface 
temperatures to increase slowly and steadily throughout the 
day and to decline proportionately during the night regard- 
less of minor variations in atmospheric temperature. How- 
ever, major atmospheric changes may be apparent in soil 
temperature even at ten-inch depths. Ona day when a light 
rain fell between 1:00 and 2:00 P.M. air temperatures de- 
clined 15° almost immediately and continued to fall another 
15° during the next hour. In spite of the rapidly declining 
surface temperatures the sub-soil temperatures continued 
their gradual rate of increase during the first hour and de- 
clined only slightly the second hour. Although surface soil 
temperatures may exceed four-inch temperatures on sunny 
days by ten to forty degrees, temperatures at ten inches are 
usually no more than five to eight degrees lower than four- 
inch temperatures. 

“No soil temperature variations were noted which can 
be interpreted as factors in the zonal distribution of a 
species ”. 

The diurnal fluctuations of temperature in the air and at four 
depths on a dune at Beaufort, North Carolina, are available in 
graphic form (43, p. 123) which emphasizes relationships more 
effectively than words. 


EVAPORATION, TRANSPIRATION. As for other factors, high poten- 
tial water loss under strand conditions has been commonly assumed, 
although rarely investigated. Measurements of seven species of 
plants used as potometers were made on Tortugas (3). However, 
the results can not be compared with other data, since they are ex- 
pressed merely in time intervals and not at all on a unit basis. 
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The chief contribution seems to be that there is great variation in 
transpiration rates of the species tested. A point of interest is 
that several species transpired more ir the shade than in the sun. 
This is explained in terms of wilting in the sun as a result of 
heating beyond maximum transpiration. Becoming flaccid, the 
plants in the sun transpire little or not at all and are able to go 
through this overheating daily, especially young plants, without 
apparent injury. 

In view of the paucity of information on transpiration of dune 
species it should be of interest to include certain unpublished data 
obtained for other purposes. Eight plants of each of five repre- 
sentative dune species were transplanted, in dune sand, to four- 
quart oil cans. When the plants were established, the soil was 
watered to what was called “ field capacity”. (The value, 22%, 
was relatively high for this sand. It had been determined by al- 
lowing soaked soil in the cans to drain over sand for 24 hours 
through holes punched in the bottom). The plants in the sealed 
cans were left fully exposed on Pivers Island, at the Duke Marine 
Laboratory. One pair of each species was watered to “ field 
capacity "’ every two days, one pair every four days, one pair every 
seven days, and one pair was not watered for 21 days. At the end 
of 21 days, the dry weights of the tops and the water content of the 
soils were determined. 

Results as here given are averages of daily water losses by 
transpiration expressed in terms of dry weight of tops (gm./day/ 
gm. of dry weight). As such, they must be interpreted as rates, 
not amounts: 








Days between watering 


4 7 21 





Species 


Uniola paniculata : 0.74 1.00 0.42 
Andropogon scoparius 

v. littoralis ; 1.16 1.05 1.04 
Spartina patens ; 0.68 1.10 0.74 
Cakile edentula ...... 2 11.64 19.41 5.05 
Heterotheca subaxillaris ... 11.03 15.07 21.72 10.65 








There is a suggestion here that watering at weekly intervals 
resulted in the highest rate of water loss, that a plentiful supply 
of water reduced the rate, and that as the amount of available 
water declined, the rate also fell off. The rates for the three dune 
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grasses are very similar. Those for the succulent Caki/e and broad- 
leaved Heterotheca are high by comparison with those of the 
grasses but it should be remembered that the dry weight of the 
former two is very low for their bulk. 

Because the plants varied some in size and had individual idio- 
syncrasies affecting transpiration, the absolute losses were con- 
fusing. Because average absolute losses may be useful in making 
general comparisons they will be listed, but they should not be 
given too much consideration. The average daily loss by Uniola 
plants was 7.9 (4.7-10.7) cc.; Spartina, 4.6 (1.6-4.3) cc.; Andro- 
pogon, 4.2 (2.6-7.3) cc.; Cakile, 0.55 (0.18-1.7) cc.; and Hetero- 
theca, 0.8 (0.3-1.0) cc. These losses seem surprisingly low for 
dune plants. Those for Cakile and Heterotheca illustrate the neces- 
sity for distinguishing clearly between rate, in terms of dry weight, 
and absolute amounts. Their relatively delicate structure includes 
little dry weight material by comparison with the tough dune 
grasses. 

The low figures on absolute losses are necessary to appreciate 
that there was still considerable water available for the plants not 
watered for 21 days. The low usage left a water content of 14% 
in the Uniola and Andropogon soils, and about 10% (still well 
above the wilting percentage) in the other three. 

During the time that these observations were made on trans- 
piration, atmometer measurements were recorded under the same 
conditions. Daily water losses from atmometers, plotted with daily 
transpiration losses for the several species, usually show close 
correlation, but marked discrepancies occur often enough to indi- 
cate that the loss of water by transpiration from these dune plant. 
is sometimes influenced by factors other than those of the atmos- 
phere. Physiological and structural peculiarities of the plants 
must at times have a controlling effect which exceeds those condi- 
tions determining evaporation rates. 

Evaporation rates obtained with Livingston atmometers in three 
zones on the keys were as follows for two periods of 15 days each 
(14): (average daily readings) near beach, 30.1 cc.; in scrub, 
28.5 cc.; in mangrove, 20.6 cc. The statement is made that evap- 
oration rates on the keys must be greater than further north be- 
cause of greater exposure and the nearness of the continually 
blowing tradewinds. 

Atmometers exposed on Bogue Bank (44) for all or parts of 
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18 summer days gave average daily rates ranging from 30.0 cc. to 
37.2 cc., depending upon the position on the dunes. The 30-cc. 
rate was obtained on a low foredune, comparable to the “ near 
beach ” exposure on the keys, and surprisingly, is essentially iden- 
tical. The data permitted several generalizations. Evaporation 
was three to four times as great by day as at night. The greatest 
losses were at the peak of the highest dune, the next greatest were 
on the crest of the foredune. Losses from atmometers protected 
from the direct wind by their position with respect to dunes were 
all lower than in exposed situations and all were of the same mag- 
nitude. Simultaneous relative humidity determinations made with 
cog psychrometers at hourly intervals reflected the generalizations 
indicated by atmometers. The lowest relative humidity was 54% 
on the peak of a rear dune at the same time that 84% was recorded 
in the lee of the foredune. In general, it was found that the relative 
humidity decreased from the foredune inland to the top of the rear 
dune. No determinations were made under forest or closed shrub 
cover. 

WIND. Constant wind is a characteristic of maritime habitats 
and is invariably mentioned in any report because of its numerous 
interrelationships with environmental factors. Usually there is a 
prevailing wind which changes direction somewhat with seasons. 
At Key West there is a prevailing west wind averaging 9.6 mi./hr. 
At Hatteras, exposed to somewhat more rigorous weather, the 
average is 13.4 mi./hr., and the prevailing winds change from NE 
in the fall to N in winter and to SW in spring and summer with 
records in excess of 49 mi./hr. for every month except May. The 
keys have been subject to numerous hurricanes coming from the 
south and southwest at reported velocities up to 100 mi./hr., but 
velocities up to 80 mi./hr. have been recorded on the Atlantic 
Coast. 

These storms, although of relatively short duration, may be of 
major consequence to the strand habitat. The force of the wind 
causes simple mechanical injury to trees and shrubs, and initiates 
or accelerates blowouts of stable areas. At the same time great 
waves undercut the dunes, to form new unstable terraces, and 
sweep through low areas where much vegetation may be destroyed, 
mechanically or physiologically. These are periodic hazards which 
all strand situations suffer at irregular intervals. 

Where there are seasonal changes in the prevailing wind, wan- 
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dering or unstable dunes may tend to shift first in one direction 
and then in another, thus delaying the stabilizing by vegetation 
because of the changing topography. In fact, the almost constant 
undercutting of foredunes by waves provides a constant supply of 
sand for the winds to carry inland and deposit on and among the 
vegetation. The ability of species to withstand partial burial is a 
factor in survival in areas with different rates of deposition. 

Wind may be an important agent of dispersal, for, especially 
during storms, even heavy seeds and plant parts may be carried 
great distances. This may account for some of the erratic dis- 
tribution of species on the keys where it is believed (14) that the 
trees and shrubs are mostly avevectant. 

The importance of wind in determining differences in water 
losses by evaporation, depending upon exposure on the strand, has 
already been discussed. It has been assumed that transpiration 
rates would be similarly affected. Evaporation is much greater in 
positions exposed to the wind than in protected sites. Conse- 
quently plants rooted in soil with generally adequate water for 
their needs, if not exposed, will grow normally. But any portion 
of such a plant exposed to constant wind will tend to lose water 
at a greater rate than it is being supplied to the plant in general, 
and as a result this portion would be desiccated and die. When 
this continues for some time it results in asymmetric growth which 
may become extreme, since the new growth is protected by the 
plant itself on the leeward side and new growth to windward is 
constantly subject to desiccation and death. The same explanation 
has been used to account for “ shearing” of the top of a woody 
plant on the dunes, since above a certain height the exposure and 
desiccation may be too great for survival of new growth. 

Such shearing is typical of many maritime areas and some 
fresh-water ones, and also occurs at high altitudes in mountains 
where constant winds may have a desiccating effect. 

This wind-shearing has been widely used as an explanation for 
maritime growth forms, and sand blast injury has been suggested 
not infrequently as a parallel contributing factor. Recently salt 
spray has been given much attention in this regard, and its effec- 
tiveness as a “ pruning ” agent has been demonstrated. Since the 
evidence indicates that wind alone is not responsible for sheared 
shrubs and trees, and since sand blast, producing injury, occurs 
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only at or near the ground and is thus of minor concern (6, et al.), 
the evidence for salt spray as the agent will be treated in some 
detail under a separate heading. 

Dune-binding species must have the ability to become estab- 
lished on loose sand and then, to hold their position, to form a 
cover and root system sufficient to prevent immediate further shift- 
ing of the sand to form new dunes. At the same time these plants 
must be able to survive partial burial by sand deposited upon them 
(inevitable, since they form an obstruction which catches sand as 
it is blown along) and to grow upward at a rate equivalent to the 
deposit. The grasses, especially of the foredunes, have these abil- 
ities along with their several other characteristics, such as toler- 
ance to high temperature, low moisture, high transpiration and 
salt spray. 

With prevailing winds mostly blowing landward, wandering 
dunes commonly move in on the forests. The sand, picked up on 
the beach and the long windward slope of the dune, is carried 
over the crest. Most of it falls directly down the leeward side to 
form a solid advancing wall that buries all vegetation. Some, 
carried farther, falls in the forest in small amounts. Obviously 
complete burial results in the death of woody plants. But when 
burial is gradual, the responses vary. Large mature live oaks, if 
suddenly partially buried, will die, but if trees are young and burial 
is relatively slow, the small branches produce up-right shoots, 
sometimes in abundance, to form a thicket. It has been stated 
(32) that all plants surviving burial by a sand avalanche (oaks, 
magnolia, saw palmetto, French mulberry, yaupon, bays, buck- 
thorn) are able to do so because they have this branching ability, 
at least while immature. This is also an explanation of the not un- 
common spreading thickets. Quercus geminata is reported (47) 
as surviving with only the upper branches above invading dunes, 
but saw palmetto and slash pine tolerate only moderate deposits 
of sand. 


SALT SPRAY. That wind-transported salt spray is carried inland 
on the strand and that its deposit affects the salinity of the soil 
has been recognized since the earliest papers on strand ecology. 
Its first consideration, however, was primarily in terms of halo- 
phytism (31) and physiological drought (22, 24) as related to the 
soil solution. 
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Although Salisbury (50) described the effects on vegetaticn of 
a ‘‘ storm of salt’ as early as 1805, and Beck (la) in 1819 noted 
that obstructions (buildings) protected vegetation from spray 
damage, it is only in recent years that salt spray has been recog- 
nized and studied as a factor which may affect plants directly. As 
early as 1910, Shreve (52) stated that “salt wind rather than 
salt soil”’ is the unfavorable factor in maritime habitats. But he 
gave no details or evidence for his conclusion. 

In 1918, Bowman (3) implied a direct effect when he suggested 
that zonation might be related to the prevailing wind which 
“ carries dense salt spray or mist inshore . . . and certain strand 
plants are better able to withstand this drenching”. He specifi- 
cally referred to Sporobolus virginicus and Mallotonia gnaphalodes 
as occurring “ back from the reach of salt spray’. In 1920, Boodle 
(2), considering maritime growth forms, emphasized the drying 
action of wind as the chief factor causing malformation, but he 
recognized that spray might occasionally contribute to plant injury. 
During the next 20 years thinking went back to wind as the pri- 
mary agent of injury, although during this period there were 
numerous studies which indicated a lower rate of transpiration on 


coastal dunes than on comparable exposed areas inland (4). 
In 1937, 1938, Wells and Shunk (61, 62) pointed out that the 


‘ , 


expression “ wind form” is indicative of the thinking used to in- 
terpret coastal growth forms and reported that they are more 
widely the product of salt spray injury than anyone had supposed. 
Observations along the North Carolina coast led them to state 
“that wind form is not due to wind per se but to the salt spray 
carried by the wind, killing the growing shoots”’ and later (60) 
that “ wind does not produce the one-sided, malformed shrubs and 
trees". Their evidence for spray injury to woody plants is thor- 
oughly convincing, and the demonstration of differential tolerance 
to spray among woody dominants explains zonal distribution of 
several maritime shrub and forest species as well as their best de- 
velopment in the lee of protecting dunes. Also, the complete 
absence on maritime dunes of characteristic dune species growing 
very near the coast was shown to be related, in certain circum- 
stances, to extreme intolerance to spray. The width of the effec- 
tive spray zone was observed to vary with topography and the di- 
rection of the prevailing wind. The widest zone affected by spray 





VEGETATION OF THE MARITIME STRAND 249 


was found at Kitty Hawk where injury was observed 1.25 miles 
from the beach. The tolerance of spray by live oak (Q. virginiana) 
and its occurrence as a well-developed principal dominant in the 
spray-exposed forest on Smith Island led Wells (59) to term this 
community a salt spray climax. 

In 1941, Doutt (16) summed up his observations of maritime 
“wind forms’ noted in wide travel that included situations from 
the tropics to the arctic. His interpretation of shearing and mal- 
form supports that of Wells and Shunk but is not quite so extreme 
in that he believes it impossible to distinguish consistently between 
wind and salt effects. His suggestion is that the drying effect of 
wind always produces pruning in windy places but that salt, ice 
or perhaps sand, when transported, augment the wind and give a 
more precisely sheared effect. Davis (14), on the other hand, 
stated flatly that wind is the primary cause of pruning, the action 
of wind with high temperatures on the rate of transpiration being 
much more important than salt spray in producing growth form. 
Kurz (33), discussing shearing and its causes, mentions salt spray 
in passing, referring to “ wind, salt and sand”. Several earlier 
writers referred to the protection afforded the vegetation to lee- 
ward of the main dunes and stated that forests normally are found 
only here. Gooding (20) added the point that this protection is 
from salt-laden air, deflected upward by the dune. 

The distance that salt spray may be carried inland in quantities 
sufficient to affect vegetation has been variously estimated. Wells 
and Shunk noted one-half mile in the direction of the prevailing 
wind before any \V/yrica cerifera were without any injury after a 
period of mild storm (up to 28 mi./hr.). Davis (14) found ac- 
cumulated chlorides (determined by washing and titration) on 
shrubs about 200 yards after a moderate windstorm. Doutt (16) 
believes that salt spray is effectively distributed for “* several miles ”’ 
over the low arctic Belcher Islands. Along the Atlantic Coast, 
storms are usually accompanied by rain which reduces the effect 
of spray, but when no rain falls during or immediately after such 
a storm, as happens occasionally, injury to maritime plants may be 
much accentuated (42). After such storms, salt spray injury to 
non-maritime vegetation has been noted as far as two miles inland 
in North Carolina. 

Wells and Shunk (62) suggested the probability ‘‘ that the dis- 
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tinctive composition of the dune community is based primarily 
upon the species adaptations to the spray factor’’. Setting out to 
test this hypothesis (44), transects were established on Bogue 
Bank from the beach to the top of the rear dune, and every possible 
measurement (several already discussed) of apparently pertinent 
factors was made along these transects. No significant correlations 
could be found between the vegetational zonation indicated in the 
transects and any factors measured, with the exception of salt 
spray. Simple “salt traps”, consisting of cheesecloth stretched 
on a frame, were set up at right angles to the prevailing wind in 
each of the zones, and the amount of salt deposited on each was 
determined by soaking a standard 10-cm.? piece and titrating the 
solution. These clearly showed differences in the amounts of salt 
deposited along the transects. Regardless of weather, the highest 
catches were on the windward side of the foredune, the crest of the 
foredune showed the next highest values, and the crest of the rear- 
dune was next in order, with the depression between receiving 
much less. Apparently much of the salt falls on the foredune from 
which the wind is deflected upward with no further obstacle until 
it reaches the reardune, where it again loses a quantity of spray. 
What falls between may be lost by gravity or from eddying cur- 
rents. Uniola paniculata and Andropogon scoparius var. littoralis, 
the two major dune species, showed a close zonal relationship to the 
deposition of spray. Uniola is dominant where salt spray is 
greatest, Andropogon where spray is at a minimum. Phytometer 
experiments corroborated the high tolerance of Uniola and the 
relatively much lower tolerance of Andropogon to salt spray. The 
conclusion, therefore, was that the zonal distribution of the major 
species on Bogue Bank is explainable on the basis of tolerance to 
salt spray. Boyce (6), using the salt trap method, made similar 
determinations on other North Carolina dunes and obtained simi- 
lar results. He found spray intensity varying with wind speed and 
decreasing rapidly with distance from the beach, the greatest de- 
crease coming immediately behind the foredune. 

Later the range and variation of tolerance to spray were deter- 
mined for 15 species common on North Carolina strand by hand- 
spraying with seawater one, two, three, and four times daily and 
estimating the percentage injury (42). Erigeron canadense 
showed serious injury after a single spraying, while Spartina patens 


. 
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was unaffected by spraying four times daily for nine days. Be- 
tween these extremes were a variety of responses which lead to the 
conclusion that most of the strand species are relatively tolerant 
to spray, but when storms are severe and of long duration, injuries 
or death will occur among the least tolerant. Degrees of tolerance 
of several shrubs and trees were noted earlier (62), and the differ- 
ences were used to explain survival or dominance in particular 
zones. Paccharis halimifolia was found to be highly tolerant, //e.v 
vomitoria and Myrica cerifera of the shrub zone are slightly less 
tolerant, and live oak is almost equally resistant to spray. but 
Pinus taeda and Quercus laevis, common inland dune species, are 
intolerant. Consequently their occurrence marks the landward 
limit of effective spray and the limit of the truly maritime forest. 

Recent studies of salt spray (4) consider number and size of 
droplets in different zones as well as the origin of these droplets. 
Filter paper was salt-sensitized to give a color reaction when struck 
by a droplet, and the area of color change showed the number and 
relative size of droplets. Soaking and titration gave a quantitative 
measure of the amount. With ordinary wind it was found that 
breaking waves produce a few small enough droplets to be wind- 
borne but that the droplets ejected into the air by bursting bubbles 
of the swash and spume are in the range of sizes commonly trans- 
ported (35-55 »). The greatest amount of spray is produced 
above and immediately in front of the breaking waves (a negligible 
amount behind them), but most of the droplets are too large for 
wind transport. Above the bursting bubbles of the swash, most 
of the droplets are of transportable size, as indicated by those 
caught on the strand 12 m. from the highest edge of the water. 
The conclusion is that with moderate winds (4-6 km./hr.) the 
chief source of air-borne salt spray is from bursting bubbles, and 
that these are most abundant in the swash. 

Further investigation (6) showed that amounts of spray in- 
crease directly with wind speed, except, curiously, that at 7 m./sec. 
there is an abruptly marked increase. At this wind speed white 
caps begin to form on the waves; knowing this, it is obvious that 
they must provide a greater supply of spray droplets of trans- 
portable size. When this or higher windspeed is maintained for 
ten to 12 hours there is always evidence of much spray injury to 
intolerant species and to new tips. 
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HUMAN AND ANIMAL INFLUENCES 


The origin of the flora of the strand is not to be considered in 
this review. However, the mode of origin and transport should 
be mentioned, especially in view of some peculiarly erratic distribu- 
tions of species on the keys. A major influence in the distribution 
of strand plants has been ascribed to birds (40), but this influence 
is also described as overestimated (3, 14). Apparently there are 
numerous species of the strand with fleshy fruits that birds may 
eat and thus distribute, and there are also some species whose fruits 
may become attached to the feet, of wading birds especially. How- 
ever, aquavectant plants, e.g., Cakile, apparently arrive as early as 
supposedly bird-borne species (such as Cenchrus, Scaevola), and 
the widely dispersed pioneer species of the strand are supposedly 
aquavectant. Wind, too, transports all sizes of seeds great dis- 
tances, especially during hurricanes. The species on the dunes are 
both aquavectant and avivectant. 

Influences related to man are presently of considerable extent. 
On numerous banks from Virginia to the Gulf Coast, various ani- 
mals have been released, largely to fend for themselves. Some of 
these animals, such as ponies and pigs, have become half-wild, and 
in spite of round-ups and hunting they have often increased con- 
siderably. Cattle, sheep and goats are also kept on the banks in 
considerable numbers, but in recent years they have been given 
more attention than they once received. 

It was once common practice on some islands to burn off the 
“beach ” grasses to improve the forage. Undoubtedly this gave 
more palatable forage for a brief part of the growing season, but 
it also reduced the total cover and tremendously accelerated the 
landward movement of sand. Today, on Smith's Island, what was 
practically a sea of shifting small dunes under such management, 
has very largely developed cover again with a reduced grazing 
population and the elimination of the fire treatment. Although 
blowouts, shifting sand and wandering dunes are characteristic of 
strands everywhere, there is no question but that these phenomena 
were much accelerated by mishandling of livestock in the past. 
The effects on vegetation of the numerous pigs on some islands is 
not known. 

For many years man’s direct influence consisted mainly of cut- 
ting selected species of trees as the market dictated. Numerous 
banks had all the red cedars (Juniperus virginiana) above a certain 
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size removed, probably for fence posts. More recently, flowering 
dogwood is being cut for the making of weaving spindles. On some 
of the keys much of the woody vegetation has been removed in the 
making of charcoal. But, actually, such activities are localized 
and mostly have only temporary effects on vegetation and negligible 
effects on topography. 

Real estate “ developments’, however, have produced major 
changes on the strand. Dunes have been levelled, vegetation has 
been destroyed and roads have been built, and this goes on at an 
accelerated rate from year to year. Each time a new causeway 
makes accessible another island, it dooms another segment of the 
natural vegetation. Perhaps this is justification enough for a re- 
view that may encourage study of available situations while they 
are still intact. Kurz (33) points out that on the Florida strand 
there has been too much construction and “ improvement ” which 
ignored the natural processes operating there and that the result, 
all too often, has been impermanent structures of all kinds, soon 
becoming unsightly and in constant danger of washing away or 
burial by sand. A more radical local modification results when, 
for commercial purposes on a substantial scale, whole dunes may 
be removed (17). 

Stabilizing of wandering dunes by planting and use of drift 
fences has been successful in various parts of Europe, but few such 
efforts have been expended in this region. During the period of 
our Civilian Conservation Corps extensive areas were worked 
over with some early promise of success. But effective perma- 
nent cover can not be obtained from a single treatment. Since 
there was no follow-up on this work, it was largely ineffectual. 


se 


ADAPTATION, XEROMORPHISM 


In their consideration of dune vegetation, early observers were 
obviously impressed with, or curious about, the adaptations which 
permit plants to live successfully in, what they recognized as, a 
habitat with several environmental extremes. Studies of the struc- 
ture of dune plants, both maritime and inland, were made in many 
parts of the world, and those of the southeastern United States re- 
ceived their share of attention (8, 22, 24, 25, 29). The approach 
was strongly teleological, and, furthermore, some structural char- 
acteristics were assumed to have functional qualities which are not 
demonstrable. 


The generally recognized factors which presumably necessitated 
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such adaptations were: intense illumination, reflected light from 
sand and ocean, strong winds, salt spray, and highly permeable 
sand which dries quickly at the surface. Bright light and physio- 
logical drought were given major emphasis but the meaning of the 
latter is not always clear. 

Numerous “ arrangements to reduce transpiration” (24) were 
recognized: reduced leaf size, increased number of palisade layers 
and their presence on upper and lower surface of leaf, stomata in 
depressions or even in pits, epidermal hairs of various kinds and 
numbers, “ varnished” leaves, thick (multiple) epidermal layers, 
and heavy cutinization. Water storage was assumed to go along 
with succulence and latex-bearing structures. 

In 1918, Bowman (3), summing up the features of species on 
the keys, used more modern terminology, saying that “all are 
adapted to moisture conservation ’’, and added to the above list, 
movement of leaves to an appressed hyponastic position in response 
to extremes of temperature or drought, and the ability of grass 
leaves to roll inward under the same conditions. 

Most of these papers have numerous illustrations of the ana- 
tomical details which are discussed. 

In 1942, Davis (14) referred to these various features as xero- 
morphism but at the same time said that “ most of these adapta- 
tions reduce transpiration ”. He also added the factor of soil water 
salinity to the list of those conducive to xeromorphism and stated 
that it is difficult to tell if salinity or dryness is most effective in 
producing xeromorphism on the keys. 

The evidence for the effectiveness of xeromorphic features in 
reducing transpiration is, of course, largely circumstantial. These 
features all may appear in halophytes, psammophytes or true xero- 
phytes, and the species which have them do withstand periods of 
actual and physiological drought. Some of those on the strand can 
also withstand short periods of great soil salinity. It has been sug- 
gested (20) that this last is because of the “ high suction pressures 
developed by the plants (80-100 atmospheres)’. Here is a char- 
acteristic not at all considered by the earlier observers (it has been 
given much thought in connection with inland saline vegetation) 
and one with greater potential significance than several of the 
regularly listed xeromorphic features. 

A modern approach to the question of adaptation is a study of 
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leaf orientation with respect to the wind stream (6). This could, 
of course, have a bearing on exposure of the leaves to salt spray 
as well as upon their transpiration rates. But no orientation nor- 
mal to the wind stream was found either in the field or under ex- 
perimental conditions. A concomitant study showed no correlation 
between species leaf sizes and their tolerance to salt spray. 

A final observation on the subject of adaptation in strand plants 
has to do with succulence and shows that the degree of succulence 
is a result of exposure to salt spray (5). It was found that the 
leaves on the exposed side of /va imbricata were definitely more 
succulent than protected ones. Anatomical study showed that non- 
chlorenchymous parenchyma was greatly enlarged in such leaves, 
although the number of cells was not increased. Further observa- 
tion indicated varying degrees of such hypertrophy in leaves of all 
dune species exposed to high concentrations of salt—except grasses. 
The hypertrophy is restricted to the leaves exposed to spray, the 
salts apparently not being transported through the plant to other 
parts, and it may be induced even in mature leaves. Species most 
tolerant to high salt concentrations show the greatest hypertrophy. 

An interesting further development of this line of investigation 
(6) is that physically injured or bruised leaves take up greater 
quantities of salts and are consequently susceptible to greater in- 
jury by salt spray than those which are intact. This was deter- 
mined experimentally and corroborated in the field. Apparently 
leaves exposed to wind-lashing develop minor abrasions, cuts and 
tears, and these traumata provide passages for quick entry of the 
salts and the subsequent injury produced by them. As a part of 
these physiological studies (6), indications were found from ex- 
perimental and other evidence that it is primarily the concentra- 
tion of chloride ions which causes necrosis and death. Other ions 
carried in spray are not ruled out as ineffectual, but it is empha- 
sized that the chloride ions reach high concentrations in the plant 
tissues much before any others. 


SUCCESSION AND CLIMAX 


That the concept of biotic succession is applicable to the zones 
of the strand is questionable to the reviewer. After reading the 
interpretations of the several authors and considering the factors 
involved, it is apparent that further study with successional rela- 
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tionships in mind would be profitable in that numerous unanswer- 
able questions come up when attempting to summarize commu- 
nity dynamics. 

The zones on the keys are described by Davis (14) as ‘“‘ com- 
posed of a series of communities forming a fairly definite succes- 
sion (from water inland), which is in many places contributing 
to topographic change”, and this sequence is “a partly halic, 
partly xeric psammosere in which the zones are successively less 
saline, usually more mesic, and on more elevated situations’. On 
Barbados (20) there is “ little room for doubt that the zonation of 
the dunes is truly the zonation of a sere”’. But note that “ forward 
progression is not necessarily always taking place’’ because the 
zones are “ held in comparative stability by topographic factors ”’ 
(20). Kurz (33) also looks upon zonation of the Florida strand 
as successional, but he emphasizes that dunes grow with the vege- 
tation. This is reiterated by Engels (19) and Boyce (6). 

In a recent detailed study of the salt spray community (6), the 
zonal relationships are expressed in terms of spray intensity. It 
is stated flatly that succession in the salt spray community is limited 
primarily by the intensity of the spray (physiographically con- 
trolled as above) and that consequently it does not follow the 
usual patterns of climatically controlled areas. No proof was found 
that zonation from foredune to forest is indicative of the direction 
of succession, nor even of the existence of succession. It is also 
emphasized that only with a rising shoreline would a succession 
from dune grasses to forest be possible. This, of course, would 
be a product of a change in physiography resulting in modified 
exposure to salt spray. In a report on the distribution of spiders 
in maritime communities near Beaufort, North Carolina (1), a 
similar interpretation of succession and zonation is expressed with 
regard to vegetation on the leeward side of the banks. In these 
protected areas, however, the initial or lowest zones are strongly 
affected by tidal flooding and the saline hydroperiod. 

These recent statements make it clear that the successional re- 
lationships between zones are primarily physiographic. The domi- 
nants are there because of the physiographic position which in turn 
determines exposure to wind and salt spray, and depth to water 
table. When species of similar growth form occupy a zone, they 
too become segregated in their areas of dominance by their toler- 
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ance of minor differences within the zone. At Cape Henry Pani- 
cum occurs on the landward side of small ridges and Ammophila 
on the seaward side. On Bogue Bank Uniola is on the exposed 
places but Andropogon occupies the protected areas in the so-called 
Uniola zone. It is also apparent that, to some extent, the physiog- 
raphy of a relatively stable strand is a product of the dominants in 
each of the zones because of the plants’ ability to stabilize the soil, 
to grow upward and maintain a cover over sand deposited on it, 
and to tolerate the moisture stresses and salt spray concentrations 
developed in the zone. Once the zones are developed, they are 
relatively stable, unless storms or erratic disturbance breaks the 
cover and thus initiates a new shifting of sand. When this occurs 
there is apparently a readjustment of plants to fit the physiographic 
zones and at the same time a lesser modification of the physiog- 
raphy as the plants reestablish themselves. 

It has been emphasized that it is the nature of off-shore banks 
and coastal strands to move shoreward or inland. This is espe- 
cially true of the southeastern shoreline which has been subsiding 
at the rate of 0.02 ft./yr. for a number of years (37). Only occa- 
sional local areas remain stable for any length of time and show no 
evidence of this shifting. The zones are then stable, too, with little 
or no evidence of succession. But where there is any landward 
shifting of sand, the zones are likewise shifting, apparently in re- 
sponse to the change in physiography, not to the reaction of plants 
on the habitat. With no change in topography there is no reason 
to believe that a shrub zone would invariably develop on a Uniola- 
dominated zone, and it is highly improbable that live oak forest 
could ever grow there. The same seems true for the shrub- 
versus herb-dominated zones of the keys, where often there is in- 
sufficient dune protection to provide the mesic conditions in which 
hammock species may develop. 

Within the various zones there is some evidence that biotic 
succession takes place. On Horn Island (48) there is a sequence 
on low wet spots that goes through successive dominance by 
Hydrocotyle, Croton, grasses and sedges, and finally pine. Evi- 
dently here slash pine (P. caribaea) frequently comes into the 
moist protected depressions between new or active dunes. On Cat 
Island Uniola may be succeeded by Chrysoma-Helianthemum 
dominance which in turn may give way to pine-oak, but the situa- 





258 THE BOTANICAL REVIEW 


tion is described in general terms and physiographic change may 
be involved. For Florida the generalized sequence is given as 
from sea oats to scrub thicket, to spruce pine, to hammock, and 
this leads to a consideration of the late stages of succession with 
woody dominants (33). 

A closed cover of shrubs usually appears only where there is 
some protection from wind and spray or at a distance sufficient to 
reduce their effects somewhat. From shrub thicket to true mari- 
time forest may sometimes possibly be biotic succession. The 
shade and shelter of the shrubs and the accumulation of humus 
provide the necessary improvement in moisture conditions for 
trees to become established. Normally the live oak does not come 
in at once but is preceded by Q. geminata and sometimes Q. myrti- 
folia. Within this zone loblolly pine (P. taeda) is not uncommon 
northward, but Pinus clausa and P. caribaea occur southward on the 
mainland. The two oaks, which vary much in growth form, may 
become forest trees of considerable size as on Cat Island, on some 
areas of the Gulf Coast and in several parts of Florida. The indi- 
cation is, however, that with time Quercus virginiana becomes es- 
tablished and eventually is the chief dominant with a highly char- 
acteristic list of associated species, of which Magnolia grandiflora, 
in Florida at least (33), has a potential of partial or, ultimately, of 
complete dominance. 

Wells (58, 59) originally implied a seral relationship from sand 
flats to Uniola, followed by shrubs in the medium spray zone, and 
ultimately this succeeded by live oak forest. His observations on 
Smith’s Island, North Carolina (59), led him to term the live oak 
forest a “salt spray climax” because of its relative tolerance to 
spray and because potential dominants from further inland are 
sharply excluded from the zone by their intolerance of spray. Re- 
ferring to strand zonation in a review later (60) he completely 
dropped the seral idea, stating that the zonal vegetation is “ sta- 
bilized by different salt intensities, the grass, shrub, and live oak 
forest communities are all climax on a stable coast line. As such 
they may be dealt with only on a polyclimax scheme of classifica- 
tion”. Boyce’s (6) intensive study led him to similar conclusions 
after emphasizing intensity of salt spray as the determining factor 
and that reaction on these dunes does not contribute to succession— 
only to stabilizing the sand which is deposited. “ Succession in the 
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salt spray community is actually an oscillation in space of the 
physiognomic zone, which is controlled by the long-period fluctua- 
tions of salt spray intensity ”. 

The climax forest of Smith’s Island, as described by Wells (59), 
includes all the species previously listed as representative for the 
Atlantic coastal banks with emphasis on the predominance of live 
oak (Q. virginiana), and the addition of cabbage palmetto which 
here reaches its northern limit. Apparently this forest extends to 
southeastern Virginia near Cape Henry as the northeastern ter- 
mination of the Austroriparian, or eastern humid, portion of the 
Lower Sonoran Zone of Merriam (17, 30). Southward along the 
Florida coast there is an increase in associated subtropical species. 
Kurz (33) regularly refers to the forest as a “ hammock” and 
notes that cabbage palm and saw palmetto are invariably present 
together with Magnolia grandiflora which he believes to be a po- 
tential climax dominant if there is sufficient time without disturb- 
ance. As evidence he cites the great amount of reproduction of 
magnolia in all hammocks and its local well-developed dominance 
on the northwest Florida coastal dunes with only scattered live 
oaks in association. It is of interest that on Florida strands Quer- 
cus geminata dominates on sterile acid sites, while Q. virginiana 
is on the less acid and probably older situations. 

The strand hammock of the keys, according to Davis (14), is 
a forest of low trees and shrubs in a close stand, composed of 
many species of tropical hardwoods and palms. Although similar 
to the hammocks of the larger mainland islands, the key hammock 
is not so well developed. In fact it is not present on many of the 
keys and is not ever fully climax. It is more like a thicket forest 
of small trees, less than 30 feet tall. Only if the islands enlarge 
and stabilize more, will there be a possibility of further develop- 
ment with additional species appearing and the trees growing 
larger. These differences between hammocks of the Miami re- 
gion and the lower keys were noted earlier (21), and the point was 
made that the trees grow unusually slowly on the keys and very 
close together. 

Several authors refer to the epiphytes of the climax forest, but 
the information given is largely incidental. The live oak forest is 
characterized by an abundance of lichens, both on the ground (in 
openings) and on the trees, together with a paucity of terrestrial 
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mosses and liverworts but many corticolous forms. In Louisiana 
it was found that the number of species of corticolous bryophytes 
increases with the age of an evergreen live oak stand (36). Kurz 
(33) lists the common mosses and lichens found in the Florida 
dune hammocks, and elsewhere makes mention of the vascular 
epiphytes which increase southward and are “ mainly air plants 
(Tillandsia spp.) and orchids” (14). 

Finally it should be noted that there are variations of live oak 
forest inland from the strand and the effects of salt spray as de- 
scribed for Louisiana (46). This area of second growth forest 
appears to be an inland expression of the evergreen live oak com- 
munity. It occurred on a silt or coarse clay of a natural levee or 
alluvial ridge. Quercus nigra was the most abundant tree and 
had the greatest total basal area, although Q. virginiana had the 
highest average d.b.h. Celtis and Ulmus were abundant associates. 
All the trees had grown relatively rapidly, since the stand was only 
50 years of age and the live oaks averaged 69 feet in height. This 
is not the true maritime forest, as it has been here considered. 
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ON THE MORPHOLOGY OF LEAVES* 
VERA L. RYDER 


School of Science, Oregon State College, Corvallis, Oregon 


INTRODUCTION 


Until about 30 years ago all authorities regarded leaves as ap- 
pendages, completely distinct, except for a circumscribed area of 
attachment, from the axes which bear them. Actually a leaf is only 
a special type of shoot of determinate growth; therefore it contains 
vascular bundles and other parts representing stem structures. 
The problems involved in location go far back in evolution, far be- 
yond the evolution of higher plants, indeed, beyond the evolution 
of leaves themselves and are inherent in every form of branching 
which depends upon apical growth. There are many reasons for 
believing that a leaf is closely identified physiologically with a por- 
tion of the stem immediately around and below its point of inser- 
tion, and that a similar demarcation into leaf fields and primordium 
fields exists at the apex (11). 

A typical leaf is dorsi-ventral and possesses a leaf lamina in 
the form of a thin plate of tissue. Radial and bilateral leaves are 
very common in Australia and are found in the most different 
families; there are also transitions between dorsi-ventral and bi- 
lateral leaves. The range of morphological variation is much 
greater among leaves than among stems. The green foliage leaf 
is assumed to be the ideal form, and all other leaf organs are 
supposedly metamorphosed foliage leaves (4). Whatever formal 
definition we assume, it will be possible to find some cases which 
appear to contradict it (10). 

Arber (2) was particularly impressed by the amount of evidence 
carried by leaves. It seemed to her that any one who made a suf- 
ficiently detailed comparative examination would find it possible 
to identify, not only the family but even in many cases the genus 
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and species from the transverse section of the leaf alone. It would 
merely be a question of acquiring by lony familiarity the necessary 
subtilty of discrimination. Among others, such studies of families 
have been made by Sauvageau in the leaves of grasses and by Gatin 
with the petioles of the Liliaceae (9). In both Arber’s and 
Gatin’s work, the number and arrangement of the vascular bundles 
were regarded as the most conspicuous identification features. 

This paper will include a short account of the evolution of leaf 
morphology, general development in the angiosperms, special de- 
velopment in the monocotyledons. Additional considerations of 
leaf shape, climatic influence and phylogeny will be included. 


HISTORY OF LEAF MORPHOLOGY (3) * 


The history of plant morphology goes back to the Aristotelian 
school. The leaf was considered an accessory to fruit production 
and had no special names. Theophrastus (370-285 B.c.) under- 
stood that there was no hard-and-fast difference between ever- 
green and deciduous types. He described the sessile and the 
petiolate, the various shapes which the blade assumed and the char- 
acters of the margin and apex; he recognized the dorsi-ventrality 
of leaves in general, the similarity between the single simple leaf 
and the compound leaf, since both are “shed all at once’. He 
mentioned anomalous types, i.e., butchers broom and Alexandran 
laurel which bore fruit on the midrib of the leaf. 

Caesalpinus (1519-1602) thought that foliage exists to protect 
flower and fruit, and he noted the production of buds in the axils 
of leaves. He discussed tendril-bearing climbers, leaf stalks in 
clematis and “ claws” along the whole stem in ivy. Jung (1587- 
1657) noted that simple leaf margins may be entire or cut. Goethe 
(1790) detected the foliar character of cotyledons, reporting that 
they increase in area, become thinner and assume a darker green 
when exposed to light as they become the first leaves of the stem. 
De Candolle (1778-1841) as well as Goethe recognized bracts as 
equivalent to leaves. Like Grew, de Candolle equated leaves, 
bracts and sepals, partly on the resemblance of their internal an- 
atomy. In 1804 Turpin portrayed the archetypal flowering plant 

* The reference after each subheading indicates the main source of in- 


formation for that section of the paper. Additional sources are acknowledged 
for each specific statement. 
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in which the axis bore a bewildering assortment of lewves of every 
kind—simple and compound, tendrillar, bulbil-bearing and rooting 
—associated with axillary branches. The foliage leaves graded into 
stamens in connection with a terminal flower. 

There have been several ideas regarding the significance of the 
leaf. De Candolle regarded root, stem and leaf as separate units. 
The same view of the plant body has continued to the present day. 
From earliest times, however, another belief had existed—the belief 
that the stem-and-leaf complex or shoot has a unified existence of 
its own—in contrast to regarding the leaf as a partial shoot aris- 
ing laterally from a parent whole-shoot. In the nineteenth century 
Potonié came to the conclusion that in ferns there is no absolute 
heterogeneity between stem and leaf. Tansley based his study of 
the filicinean vascular system upon the view that the fern-leaf was 
in phylogenetic origin a branch or rather a branch system. In 
the gymnosperms the needles of Pinus have been interpreted as 
fragmentary shoots. 

Zimmermann promoted the telome theory, based on the Rhyni- 
aceae, to include the branch system conception of the fern leaf and 
the angiosperms. According to this writer, the primary units of 
the plant body were one-bundled ultimate branches of the shoot 
(his so-called telomes). Telomes may be sterile (phylloid) or 
fertile (sporangial). Sterile and fertile shoots were considered 
homologous; whether they became vegetative or fertile was re- 
garded as depending upon conditions. Leaves were formed either 
from a single sterile telome or from a complex of such structures, 
primarily radial in structure and flattened dorsiventrally sec- 
ondarily. 


DEVELOPMENT UP TO THE ANGIOSPERMS (6) 


Campbell (7) considered the “leaves” of kelps equivalent to 
those of higher plants, since most of the chlorophyll-bearing cells 
are situated there. Because of the absence of intermediate forms 
between the Musci and the ferns, the series passed at a single 
plunge from cellular structures with no differentiation of axis and 
leaf (sporangia) to vascular plants with a well-defined axis and 
leaf. Stem and leaf may have originated simultaneously by dif- 
ferentiation of a uniform branch-system into members of two cate- 
gories. It was pure theory that the leaf originated as a flattened 
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expansion without a midrib and that the appearance of the median 
thickening was of subsequent occurrence. 

There may have been a variety of developments. The pinnae 
on most of the leptosporangiate forms arise as more or less flat- 
tened structures, derived from the marginal series, while some of 
the neighboring cells also take part in the process; in other words, 
they arise along the lines where the wings are or will be. In 
Pilularia there is an unbranched cylinder; in Welwitschia, as in 
many monocotyledons, the branch is flattened without wings or 
midribs ; in Gnetum the branch is winged through part or the whole 
of its length. In this last genus there is a tendency to early arrest 
of the apical growth of the axis and an increased prominence of the 
results of intercalary growth which has in many cases distorted the 
branch system of the leaf. In cycads the apical growth of the axis, 
which is never marked, ceases with the appearance of the pinnae. 
Although frequently attempted, it is insecure to solve morphologi- 
cal problems by reference to position, since inconsistency of ar- 
rangement occurs. In Gnetum, which approaches the dicotyledons 
so markedly in the character of its leaves, there is a single median 
bundle in some species (as in so many dicotyledons), while in one 
species (or more) with a similar external conformation of the leaf, 
the median bundle is absent and the vascular system thus conforms 
instead to the type of most gymnosperms. 

Gradual modifications of the characters have become prominent 
with a rise in the evolutionary scale: (a) There has been a pro- 
gressive increase in bulk of the individual pinna. From Cera- 
topteris there is a tendency towards more rounded forms, i.e., 
Polypodium, and finally hemispherical as in Cycadaceae. ()) 
There has been also a progressive increase in the bulk of the wings 
of phyllopodium, pinnae, pinnules, etc. : in Hymenophyllaceae there 
is a single layer; in the majority of ferns there are a few layers; 
in angiosperms the wings are bulky. In Cycas there is no peri- 
clinal division in superficial cells. (c) There has been a gradual 
differentiation of the main axis of the leaf phyllopodium as a sup- 
porting organ from the members of the higher pinnae which it 
bears. (d) Peculiar conformations have appeared at the base of 
the phyllopodium, such as sheaths and stipules. (e¢) There was 
earlier arrest of continued apical growth and increased prominence 
of intercalary growth. (f) There has been an increased robust- 
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ness of the several parts which may be recognized clearly on their 
first appearance. (g) And finally there has been a change in 
venation from a dichotomy that is open towards the leaf margin 
(ferns and Ginkgo) to a network with closed meshes. All these 
characters lead toward the leaf as it is seen in the angiosperms, 
especially in the dicotyledons. 


GENERAL DEVELOPMENT IN THE ANGIOSPERMS (8) 


The leaf originates from the outer layers of cells at the side of 
the shoot growing point. At first it consists of little more than 
an embryonic midrib. Later the lamina develops from a marginal 
meristem which extends along both sides of the midrib primordium. 
The petiole may be regarded as part of the leaf in which lamina 
development is inhibited. 

In 1922, Saunders introduced the “ leaf-skin theory ” by which 
the axis is considered to be entirely clothed by a mosaic-like cover- 
ing, each element of which consists of the downward prolonga- 
tion of a single leaf-base. Examples are seen in /‘ritillaria and 
Sisyrinchium. 

Explanations of leaf development vary. In the present inter- 
pretation there is no such thing as a primitive phyllome type from 
which all existing forms of foliage leaves and floral members have 
been derived, and there is thus no question of equating these 
members with such an hypothetical primitive type and hence with 
one another. Goethe thought that subdivided leaves represent a 
striving to become nearer complete in the sense that each leaf tried 
to become a branch. Not only may there be reduction of the 
median in relation to the lateral regions in the leaf as a whole, but 
comparable reduction may occur also in the individual members of 
a compound leaf. According to Schmidt’s investigations, the mode 
of leaf formation is directly related to the architecture of the grow- 
ing point in each particular case. True apical growth ceases rela- 
tively early and is followed by general cell division and extension 
regardless of the histogenic mode of origin of the leaf. It seems 
clear that any effort to isolate leaf or stem, at least from a mor- 
phological standpoint, is unsupported by the facts of development. 

There are three groups of compound leaves according to growth 
direction. The “ basipetal”’ leaf (proceeding from the apex toward 
the base) seems to predominate in the angiosperms and in Troll’s 
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opinion (15) represents the basic type from which all pinnate 
leaves developed. In a second divergent group the first pair may 
arise near the centre, the others developing in both directions. 
Development of the typical “ acropetal” type (proceeding from 
base to apex) was the third group described by Foster who found 
that the lateral leaflet initials arose as hemispherical protuberances 
from the primordial meristem at the margins of the leaf axis, the 
apex of which produced the terminal leaflet. 

The “ prospective significance”’ of the internal layers of the 
young lamina is of considerable morphological significance. The 
upper epidermis, palisade parenchyma, veins, spongy parenchyma 
and lower epidermis develop from the upper dermatogen, adaxial 
layer, middle layer, abaxial layer and lower dermatogen, respec- 
tively, of the embryonic lamina which consists of five to eight 
distinct layers of meristematic cells. Cell division and cell en- 
largement are unequal in duration and intensity in the various 
tissues of a maturing leaf. For example, the cells of the palisade 
parenchyma continue to divide for a longer period than either the 
spongy parenchyma or the epidermis. On the other hand, cell 
enlargement continues longer in the epidermis than in any other 
tissue. The resulting “ stresses and strains” pull apart the sub- 
epithelial cells to form the air spaces of the mesophyll. 

The size and closeness of palisade cells vary with external con- 
ditions. In leaves growing in sunshine they are long, large and 
close together ; in leaves in heavy shade they tend to become short, 
thin and loosely arranged. The same is true of spongy tissue, and 
the whole volume of intercellular space may be twice as great in 
a shade leaf as in a sun leaf of the same species. The average 
volume of internal space is about 20 per cent of the leaf volume. 
There is a general correlation between the depth of the palisade 
layer and the intensity of the incident light. Leaves growing un- 
der intense sunlight may have three or even more superimposed 
palisade layers. Leaves in shade have only one and that of slight 
depth. Indeed, in deep shade the palisade may consist of funnel- 
shaped cells with curved walls and with apex downward, the 
chloroplasts having concentrated at the apex where the light is 
more concentrated by internal reflection from the cell walls, thus 
applying the principle of the searchlight in reverse. 

Similar flanged (as in Pinus) or lobed palisade cells are not 
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uncommon in angiosperms (11). The H-shaped type is perhaps 
the commonest and occurs widely among the Ranunculaceae. 
Whether it originates in the same way as in Pinus is uncertain, 
but physiologically the effect of the flanges in increasing the inter- 
nal surface of the cell is identical and hence the surface available 
for exposure of the chloroplast is also increased. Such cells are 
not confined to the Ranunculaceae ; they occur sporadically in many 
families of both dicotyledons and monocotyledons (11). 

When leaves from plants of the same species growing under 
different conditions of humidity are compared, it is found that 
the ratio of the number of stomata to the number of epidermal cells 
is remarkably constant. It is independent of habitat and of the 
age and position of the leaf, and is so specifically constant that 
it may be used as a diagnostic character in the separation of closely 
related species. The frequency per unit area, especially in her- 
baceous plants, increases with the height of the leaf above the 
ground; in trees it increases with distance from the base of the 
branch, that is, inversely to its age. Likewise there is an increase 
of frequency from the base to the tip of the lamina and from the 
midrib towards the margins of the individual leaf. 

Since the leaf rudiment is essentially a dorsiventral structure, 
this symmetry persists, not only in the lamina but also in the 
petiole which is morphologically a lower portion of the midrib on 
which the ventral (i.e. adaxial) layer of the rudimentary tissue 
(that which higher up forms the lamina) has been arrested at an 
early stage. The petiole, like the midrib, belongs to the dorsal 
side of the leaf; its vascularization is dorsiventral and represents 
a modified leaf type, not a stem type. Salisbury has shown that, 
in general terms, there is a positive relationship between the 
amount of xylem developed in a petiole and the size of the leaf 
blade. The proportion of petiolar xylem is greater in mesophytic 
leaves and less in those which show xerophytic modifications. 
Variation of proportion is presumably caused by differences in the 
transpiration rates from different leaves. Such a relationship has 
an obvious physiological importance, and it is significant that the 
leaf controls its own supply channels. Thoday has shown that 
the control extends beyond the petiole and includes a region of 
influence which is delimited both longitudinally and tangentially in 
the vascular zone of the stem. 
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SPECIAL DEVELOPMENT IN THE MONOCOTYLEDONOUS LEAF (2) 


In cases in which phyllotaxis is regular there is no hard-and- 
fast distinction between dicotyledons and monocotyledonis, but it is 
noticeable that there is in monocotyledons a widespread tendency 
for two-ranked leaves, e.g., orchids, which in dicotyledons is a 
relatively rare arrangement. In monocotyledons there is also a 
tendency toward development of an ensheathing leaf-base. 

According to de Candolle’s ‘ phyllode theory ” (1827), the linear 
leaf of the monocotyledons is a reduction equivalent to the leaf- 
base and petiole of the dicotyledons, the blade being unrepresented. 
Arber thinks that the reduction may have gone yet further so 
that the leaf-base alone is represented. Oval or sagittate blades 
are considered later developments than the band shape—a sec- 
ondary expansion of the distal region of the sheath or petiole (1). 
Even among monocotyledons which have leaves with a lamina or 
petiole, i.e., the Araceae, the phyllodic tendency shows itself in the 
frequent lateral expansion of the petiole associated with a diminu- 
tion of the lamina so that the leaf blade is formed of two portions, 
one above the other, which may be separate or more or less con- 
fluent. 

Examples in the dicotyledons of reduction to leaf-traces are 
found in the aquatic Cabomba caroliniana, in which two or three 
pairs of lanceolate simplified leaves with no lamina are followed 
by transitional forms in which a lamina occurs but is much re- 
duced. These are succeeded by normal submerged leaves with 
finely divided laminae. The parallel veining of dicotyledon leaf- 
bases, petioles and phyllodes also explains the parallel veining of 
the monocotyledonous leaf. In monocotyledons the leaf tends to 
dominate the shoot, while the axis is relegated to a subordinate 
position. 

In leaf evolution there is much parallelism, even within a 
family, as in the “fan” and “ feather” leaf-types of palms. A 
structure once lost in the course of phylogeny can never be re- 
gained. If the organism subsequently has occasion to replace it, 
it must be constructed afresh in some different mode (“law of 
loss’’) (1). 

Although to the naked eye the leaves of monocotyledons may 
appear uniform, a sufficiently trained observer can distinguish dif- 
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ferences. The leaves of monocotyledons differ from those in di- 
cotyledons in having, in general, a lower degree of differentiation 
in the mesophyll. The palisade layer is seldom well marked ; the 
whole of the mesophyll tissue may be spongy or parenchymatous. 
The veins are parallel, and each vein is frequently flanked, above 
and below, by masses of sclerenchyma, thus forming a rib across 
the mesophyll and dividing it into a series of isolated strips be- 
tween the veins. As the leaves are usually held vertically, the two 
sides of the leaf tend to be similar in structure (bifacial) with 
stomata equally numerous on both faces (11). 


LEAF SHAPE (4) 


Botanists are familiar with the fact that in many plants succes- 
sive leaves on the stem are not all alike. Lower leaves may differ 
in shape from upper leaves, as in Campanula rotundifolia; or there 
may be a gradual transition from one shape to another, as in some 
varieties of Gossypium. The transition in leaf shape may occur as 
a change in the number of leaflets (e.g., in Thalictrum flavum) or 
in the amount of dissection of the leaves (e.g., in Daucus carota) 
or in the production of an auricled base (i.e., Rume.x acetosella) or 
in the ratio of length to breadth (i.e., Polygonum cuspidatum). 
On some plants the changes in leaf shape are clearly due to ex- 
ternal influences; this is so for the aerial and submerged forms of 
Ranunculus aquatilis; on other plants (i.e., Hedera helix) there is 
no obvious external cause for the change in leaf shape from top to 
bottom of the stem (11). It has been shown that after treatment 
with negative or reduced pressures, palmate leaves become smaller, 
more dissected and have reduced basal lobes when compared with 
similar leaves after positive pressure treatment (12). 

According to Shull, variation in leaf shape is not a case of re- 
capitulation of phylogeny but a result of physiological processes 
controlled by the environment. Diels found that the external con- 
ditions which hastened flowering also hastened the transition from 
juvenile to adult leaf shape (developmental heterophylly). Goebel 
(10) thought that juvenile foliage is associated with poor nutri- 
tion. This was also shown by Arber in her study of submerged 
leaves on aquatic plants (1). The contemporary morphologist re- 
gards the shape of an organ as the end-product of three determi- 
nants: (a) the shape of its primordium, (b) the number, distribu- 
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tion and orientation of cell divisions, and (c) the amount and dis- 
tribution of cell enlargement. Each of these three is influenced by 
environment and heredity and can be expressed quantitatively ; 
therefore its rate of change from node to node can be measured. 
Leaf shape in some plants is affected by light intensity, probably 
operating through carbohydrate metabolism and mineral nutrition ; 
in others it is dependent to some extent upon length of day. 

Where there is no correlation between shape and external condi- 
tions the shape is a function of age of the plant and the position at 
which the leaf arises. The internal factors are unknown. Influ- 
ential genes have been worked out in Gossypium. By rate of 
change in leaf shape from node to node, Krenke postulated physio- 
logical age of plants. In water plants, Costantin showed that in 
Sagittaria the differently shaped aquatic and aerial leaves are dis- 
tinguishable in the submerged bud. In Ranunculus, however, it is 
impossible to say whether a leaf rudiment will produce the floating 
or submerged form. Up to a certain point the rudiments develop 
alike and are both deeply subdivided. Then the water leaf ceases 
to change in shape and the segments merely increase in size, while 
the floating leaf gradually assumes its typical relatively entire form 
(environmental heterophylly) (14). 

In general, the type of leaf produced can be changed at will by 
altering the conditions. If a plant that has begun to grow on dry 
land be submerged, the new leaves produced by further growth are 
of the submerged type. The existing leaves, though they cannot 
alter their form, may in their basal region, which is still capable of 
growth, develop transitional features as regards the epidermis. 
Certain plants, especially shrubs, growing in dry climates may also 
show a variation of leaf form according to the season, the normal 
leaves appearing only during the rainy season and being sub- 
stituted by scale-leaves during the dry part of the year. 

According to Arber (1), juvenile leaves produced on lateral 
shoots may, in some cases, represent an ancestral type. In Meli- 
lotus taerica leaves from young shoots “ sleep” like those of Tri- 
folium with the central leaflet simply bent upwards, while the leaves 
on the fully grown branch of the same plant “ sleep” according to 
the normal Melilotus method in which the terminal leaflet rotates at 
night so as to present one lateral edge to the zenith. This suggests 
that Melilotus may be descended from a form which “ slept ” like 
Trifolium. 
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Shapes of specialized leaves, such as spines, tendrils, scales and 
water storage leaves, are determined by the relative position, nutri- 
tion, etc. of the primordium at the growing point. Arber believes 
that the scale is a lingual sheath, while the spine is the petiolar 
limb. The tendrils of the Cucurbitaceae may represent modifica- 
tions of the basal reduced leaf of an axillary shoot or of an axillary 
shoot itself. Abnormally they may form a terminal leaf blade 
(11). Arber considers that the tendrils of Smilax split off from 
each side of the petiole, for each contains a ring of bundles es- 
sentially like that of the petiole itself (2). 

CLIMATIC INFLUENCE (5) AND PHYLOGENY (14) 

There is a very clearly marked correlation between leaf-margin 
and environment in the distribution of dicotyledons in various re- 
gions of the earth. Leaves and leaflets with entire margins are 
overwhelmingly predominant in lowland-tropical regions; those 
with non-entire margins in mesophytic cold-climate areas. In the 
tropical zones, non-entire margins are favored by moist uplands, 
equable environments and protected, comparatively cool habitats ; 
in the cold-temperate zones, entire margins are favored by arid en- 
vironments and other physiologically dry habitats. Correlations 
between leaf-margin and prevailing climatic influences are more 
striking among trees and large shrubs than among herbs. The 
percentages of entire and of non-entire leaves in Cretaceous and 
Tertiary dicotyledonous floras afford a simple and rapid means of 
gauging the general climatic conditions which existed in the re- 
gions where such plants flourished. The primitive angiosperm 
was palmate, probably lobed and was provided with three main 
bundles which arose separately at the node. This conclusion is 
based (a) on evidence from paleobotany, since the palmate leaf 
was more frequent in the Cretaceous and Tertiary than at present 
(32% compared to 13%), (b) on morphology, since there is a 
correlation between the palmate leaf and the multilacunar node and 
between the pinnate leaf and the unilacunar node, and (c) on 
phylogeny, since palmate leaves are more frequent in relatively 
primitive groups and pinnate in more advanced ones. Transitions 
from the palmately lobed type to all other leaf forms may readily 
be traced (Acer, Rubus, etc.). Loss of the lobed condition may 
have been due to loss in vigor. In some plants the largest and 
rankest leaves may be palmately lobed, the smaller ones simple. 
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The chief factor in the evolution of the now dominant pinnate 
leaf seems to have been the development of the petiole in which the 
three originally distinct leaf bundles were pulled together into a 
single strand, the midrib. Among woody plants, the multilacunar 
(more ancient) nodal type predominates in temperate regions (70- 
80%), the unilacunar (more recent) in the tropics (60-70%). 
The palmately lobed leaf among woody plants is almost entirely 
confined to temperate regions. These facts, in company with 
others, indicate that the angiosperms first appeared under a climate 
more temperate than tropical, a climate in the Mesozoic which 
probably existed only in uplands. 

It is suggested that the absence of fossils of the earliest angio- 
sperms may be due to their confinement to such upland regions 
where preservation would be very difficult. Evidence from the 
leaf strongly favors the view that the angiosperms sprang from a 
coniferous (palmate), not from a cycadean (pinnate) stock. If 
the primitive leaf was sessile, as most writers agree, it is probable 
that three traces went off almost directly into the lamina. Greater 
flexibility and more transpiration led to constriction at its base and 


the forcing together of the three bundles into a petiole with an in- 
creasing tendency to persist as a single strand, sending off numer- 
ous branches on both sides of the midrib. 


SUMMARY 


Whatever formal definition of a leaf is adopted, there are cases 
that appear to contradict it. History of leaf morphology began in 
Aristotle’s day and received meagre contributions until the present. 
Theophrastus, Caesalpinus, Jung, Goethe, de Candolle, Grew, Tur- 
pin, Potonié, Tansley and Zimmermann were contributors. In the 
present interpretation there is no such thing as a primitive phyl- 
lome type from which all existing forms of foliage leaves have been 
derived, and there is no question of equating all these members 
with each other. 

The embryonic meristematic cells ultimately differentiate into 
the layers of the adult leaf. The ratio of the number of stomata to 
the number of epidermal cells is remarkably constant for a species. 
There is a general correlation between the palisade layers and the 
intensity of the incident light. 

Leaf shape may be changed by environment (i.e., water, air, 
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humidity, nutrition) or by heredity (i.e., shape of primordium, de- 
tails of cell division, cell enlargement, position on the stem, age). 
Entire margins are associated with the tropics, non-entire with 
cold climates. 

In the evolution of the leaf the tendencies have been: 


(a) many potentialities > few potentialities, 

(b) progressive increase in bulk of individual pinna, 

(c) increase in robustness of parts, 

(d) gradual differentiation of the main axis, 

(e) in wings a single layer of cells—>a few layers — many 
layers, 

(f) appearance of peculiar conformations (sheaths and petioles) 
at the base of the axis, 

(g) continuous apical growth early arrest of apical growth, 

(h) little intercalary growth— increased prominence of inter- 
calary growth, 

(7) open dichotomous venation— closed network > parallel 
venation, 

(j) lobed palmate types— simple pinnate (basipetal) — re- 
mainder of pinnate types, 

(k) dichotomous leaf— simple monocotyledonous > oval or 
sagittate blade, 

(1) spiral phyllotaxis > two ranks of leaves, 

(m) three vascular bundles in petiole > one strand, 

(n) juvenile ancestral type > mature advanced type. 


All of the above features have many exceptions. 

We must combine both the morphological and the physiological 
viewpoints if we are to attain a natural understanding of plant 
structures (11). Arber thinks that, even at the present day, ap- 
plied morphology still finds its most hopeful field in the study of 
the “ differentiation ” process which was begun by de Candolle over 
a century ago on foundations laid still earlier by Goethe (2). 
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